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Chapter 1. Introduction 
 
 Most elevated thunderstorms in the United States occur in the Midwest, with a 
maximum in eastern Kansas (Colman 1990a).  Elevated thunderstorms are defined as 
thunderstorms that occur over a very stable surface boundary layer (Colman 1990b).  
They may be better defined as convection occurring over a stable layer near the surface, 
essentially cut off from surface-based instability (Corfidi et al. 2006).  Elevated 
mesoscale convective systems produce 30-70% of the total rainfall during the warm 
season over the Central Plains (Moore et al. 2003).   
 
1.1 Purpose 
 
 Elevated thunderstorms are still not very well understood.  Elevated convection 
can take a variety of forms, and can be very similar to surface-based convection.  Corfidi 
et al. (2006) describe the challenge of finding the originating layer of parcels making up a 
convective cloud.  Surface-based convection often incorporates elevated parcels, and 
elevated convection can bring surface parcels into its updraft.  The distinction between 
the two types of storms can be defined by where most of the parcels originate.  This 
becomes especially hard to distinguish as convection transitions from surface-based to 
elevated and vice-versa (Corfidi et al. 2006). 
Colman (1990a), in his study, used three criteria to delineate elevated 
thunderstorm station reports from surface-based thunderstorm station reports:  1) The 
observation must lie on the cold side of an analyzed front that shows a clear contrast in 
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temperature, dew-point temperature, and wind.  2) The station’s wind, temperature, and 
dew-point temperature must be qualitatively similar to the immediately surrounding 
values.  3) The surface air on the warm side of the analyzed front must have a higher 
equivalent potential temperature (θe) than the air on the cold side of the front (Colman 
1990a).  These three criteria have been incorporated into several studies since for the 
evaluation of elevated convection (e.g., Grant 1995; Rochette and Moore 1996; Moore et 
al. 1998; Moore et al. 2003).   
 
1.2 Objectives  
 
The two most common severe weather threats associated with elevated 
thunderstorms are heavy rainfall leading to flash flooding and hail (Grant 1995; 
Markowski and Richardson 2010).  This study mainly focuses on elevated thunderstorms 
that produce heavy rainfall in the region encompassing the following National Weather 
Service county warning areas: Kansas City/Pleasant Hill, Springfield, Tulsa, Wichita, and 
Topeka.  The goals of this study are to: 
1) Solidify our understanding of synoptic and mesoscale environmental conditions 
that lead to the development of heavy-rain-producing elevated thunderstorms 
2) Differentiate storms that produce heavy rainfall from those that produce little-to-
no rainfall 
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Chapter 2. Background Research 
 
2.1 Climatology 
 
 Colman (1990a) used a dataset of 1093 reports of elevated thunderstorms over a 
four-year period from September 1978 to August 1982 to construct a climatology of 
elevated thunderstorms in the United States.  His results showed that most elevated 
thunderstorms occur in the Midwest region of the United States, with a maximum 
frequency in eastern Kansas (Figure 2.1).  He suggested that this is caused by the higher 
terrain in the Ozarks of eastern Oklahoma, Arkansas, and Missouri, resisting the further 
advancement of warm fronts northward.  The study also found that most winter-season 
thunderstorms east of the Rocky Mountains are elevated, outside of Florida. 
 
Figure 2.1. The number of elevated thunderstorms (reports/station) identified over the 4-year period 
from September 1978 through August 1982 (figure and caption taken from Colman 1990a). 
 
Colman’s (1990a) study found that there are two peaks in elevated thunderstorm 
reports during the year; a larger one in April, and a secondary one in September.   He 
4 
 
explained “the distribution reflects the intersection of the annual cycles for extratropical 
cyclones (a winter maximum) and thermodynamic instability (a late spring maximum).”  
He also tried to find a diurnal cycle for elevated convection, but his results were not 
conclusive.  Of Colman’s 1093 cases, 458 events occurred at 0000 UTC and 635 events 
occurred at 1200 UTC.  He was limited to these two time steps because he was using 
analysis charts which were only produced at 0000 and 1200 UTC.  Though the overall 
dataset did not show a clear diurnal oscillation, he says that a nocturnal maximum in 
elevated thunderstorm activity exists.  Florida and Georgia were outliers, with maximum 
occurrence during the late afternoon. 
Colman (1990a) could not determine the phase or amplitude of the variation, 
though, from his observations.  He did find that warm and stationary frontal events were 
reported more frequently at 1200 UTC than at 0000 UTC, and cold frontal events were 
reported more frequently at 0000 UTC.   
 
2.2 Previous Studies on Environmental Conditions  
 
 Colman (1990a, 1990b) and Moore et al. (2003) both produced similar composite 
studies to find the environment conducive to elevated thunderstorm development.  
Colman (1990a, 1990b) was analyzing the environment for all elevated thunderstorm 
events from September 1978 to August 1982.  Moore et al. (2003) was studying only 
elevated mesoscale convective systems (MCSs) which produced heavy rainfall. 
In Colman’s studies, he composited 497 events, looking at only the 850-hPa and 
500-hPa layers.  Moore et al. (2003) composited 21 heavy-rainfall events (resulting in ≥4 
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in. in 24 hours), and centered them spatially over Missouri to look at average distance 
scaling rather than a specific geographic location.  These two studies well describe the 
dynamic and thermodynamic environments conducive for elevated thunderstorms that 
produce heavy rainfall. 
 
2.2.1 Dynamic Environment 
 
 The following will describe what previous research has found for the dynamic 
environment favorable for the development of elevated thunderstorms producing heavy 
rainfall.  Moore et al. (2003) found slightly diffluent flow at 250 hPa, curved 
anticyclonically over the region, with a jet streak to the northeast of the MCS location.  
This puts the MCS in the right entrance region of the jet streak, with a divergence 
maximum aloft greater than 2.5 x 10
-5
 s
-1
.   
 At 500 hPa, the MCS is found downwind and on the anticyclonic-shear side of a 
wind maximum (Colman 1990a).  The centroid is typically near the inflection point in the 
southwesterly flow, under neutral to weak positive vorticity advection (Moore et al. 
2003).  Moore et al. (2003) deduced this as an indication that the “meso-α-scale vertical 
motions” driving these events could be the result of “warm-air advection/isentropic lift.”  
This theory is supported by Colman (1990a) who found a veering wind profile with 
height between 850 hPa and 500 hPa, suggesting warm-air advection occurs in the mid-
troposphere. 
 Colman (1990a) found many of his elevated thunderstorm cases occurred 
downwind in the left exit region of the 850-hPa low-level jet.  This region was the 
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preferred region Moore et al. (2003) found for heavy rainfall within elevated MCSs.  
Moore et al. (2003) found the low-level jet positioned normal to the moisture and thermal 
gradients, generating advections and a lifting mechanism over the planetary boundary 
layer.  The nose of the jet is the location where moisture convergence is maximized, and 
this is located just south of the MCS centroid.  Moore et al. (2003) created a good 
conceptual model that describes the interaction of the overlap of the nose of the low-level 
jet with the divergence at 250 hPa, shown in Figure 2.2.   
 
Figure 2.1. Schematic cross-sectional view taken parallel to the LLJ across the frontal zone.  Dashed 
lines represent typical θe values, the large stippled arrow represents the ascending LLJ, the thin 
dotted oval represents the ageostrophic direct thermal circulation (DTC) associated with the upper-
level jet streak, and the thick dashed oval represents the direct thermal circulation associated with 
the low-level frontogenetical forcing.  The area aloft enclosed by dotted lines indicates upper-level 
divergence; the area aloft enclosed by solid lines denotes location of upper level jet streak.  Note that 
in this cross section the horizontal distance between the MCS and the location of the upper-level jet 
maximum is not to scale (figure and caption taken from Moore et al. 2003). 
 
 Elevated thunderstorms in Colman’s (1990a) study occurred most often in the 
region north of the surface low pressure center, extending east-northeast.  He noted that 
destabilization transpires in this region from both warm-air advection in the lower levels 
and mid-tropospheric cooling from adiabatic ascent.  Though more of his cases occurred 
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near warm fronts (46%), Colman found elevated thunderstorms accompanying stationary 
fronts (29%) and cold fronts (23%) as well (Colman 1990a). 
 
2.2.2 Thermodynamic Environment 
 
 Colman (1990a) first noted the strong stability of the environment when parcels 
were lifted from the surface.  The average surface lifted index (LI) value of his cases was 
+7.4°C.  This was supported by available rawinsonde data near the elevated 
thunderstorms, which showed little to no convective available potential energy (CAPE) in 
the thunderstorm region.  Moore et al. (2003) found a mean surface LI of +4°C in their 
study.  Though they found modest CAPE values at the location of the MCS, significant 
surface-based convective inhibition (CIN) (greater than 100 J kg
-1
) keeps the convection 
from being surface-based (Moore et al. 2003).   
 Because there was little to no CAPE analyzed in the elevated thunderstorm 
environments, Colman (1990a) concluded that “the majority of elevated thunderstorms 
occur in an essentially stable hydrostatic environment.”  Though Colman (1990a) 
hypothesized that most elevated thunderstorms are not “upright, buoyancy-driven 
thunderstorms,” in his second paper (Colman 1990b), he mentioned the occurrence of 
upright convection developing in the warm-sector and becoming elevated as it passes 
over the frontal surface.  These storms continued to develop even though they were in 
what he deduced to be a stable environment.  This led him to believe that elevated 
thunderstorms could be upright if they are located near the boundary at the surface, but 
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still “for the majority of elevated thunderstorms it has been shown that there is no 
positive CAPE and they are not the result of upright convection” (Colman 1990b).   
 Rochette et al. (1999) found that although the surface parcel may show little to no 
CAPE, lifting the “right” (most unstable) parcel in the lowest 300 hPa may result in a 
much greater CAPE than that found by lifting the surface parcel, indicating a more 
unstable environment.  They provide an example of a sounding from Norman, Oklahoma 
where a surface parcel lifted results in 0 J kg
-1
 of CAPE, and the elevated best CAPE 
produced from this sounding (obtained by lifting the most unstable parcel in the lowest 
300 mb) was 2479 J kg
-1
.  This suggested that the thunderstorms over Norman at that 
time were the result of the release of this elevated CAPE (Rochette et al. 1999).  To be 
fair, Colman (1990a, b) was looking at all elevated thunderstorms, and Rochette et al. 
(1999), were only looking at elevated mesoscale convective systems that produced heavy 
rainfall. This means that Colman could have been looking at several cases of slantwise 
convection in his sample of events, while Rochette et al. (1999) were looking at more 
upright convection. 
 Moore et al. (2003) describe the mechanisms involved in the destabilization of the 
layer above a surface boundary (for elevated MCSs producing heavy rainfall).  They 
suggest the low-level jet advects higher-θe air from the south-southwest up and over the 
stable layer.  Flow at midlevels in the troposphere transports lower-θe air from the 
southwest, above the higher-θe layer, generating instability over the surface boundary 
(Moore et al. 2003).   
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2.3 Heavy Rainfall Parameters 
 
 Precipitation efficiency is a major factor in the production of heavy rainfall.  
Doswell et al. (1996) defined precipitation efficiency as the ratio of the mass of water 
falling as precipitation, mp, to the influx of water vapor mass into the cloud, mi, such that 
E=mp/mi.  The largest observable factor which influences precipitation efficiency is 
relative humidity.  Precipitation efficiency acts on the vertical moisture flux, wq, to 
produce the observed rainfall rates.  The two variables in vertical moisture flux are ascent 
rate (w) and mixing ratio (q).  This means that, in order to achieve higher rainfall rates, 
the environment must have a combination of high relative humidity, high mixing ratio 
values, and large vertical motions (Doswell et al., 1996). 
Moore et al. (2003) use precipitable water (PW) and mean environmental relative 
humidity for their analysis of the precipitation efficiency in these environments.  Their 
study showed PW values of 1.2-1.3 in. at the MCS center, and higher PW values to the 
south along the path of the low-level jet.  Looking at mean environmental relative 
humidity, they found values over 70% over the location of the MCS (Moore et al. 2003).  
As expected for the development of heavy-rainfall-producing MCSs, the precipitation 
efficiency should be fairly high.   
Though precipitable water was thought to be a contributing factor to precipitation 
efficiency, Market et al. (2003) found that PW did not correlate well with precipitation 
efficiency.  They defend this finding by noting that ample moisture in the environment is 
needed for heavy rainfall, but it does not mean that it affects precipitation efficiency.  In 
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other words, there can be high PW values in an environment that still does not precipitate 
efficiently.   
Funk (1991) suggested techniques to use when forecasting for heavy rainfall.  He 
recommends looking for diffluent thickness in addition to looking at moisture, the low-
level jet, warm-air advection, the upper-level jet, and low-level equivalent potential 
temperature.  He presents two different scenarios of thickness diffluence that help with 
the generation of convection in that location (shown in Figure 2.3).  His first scenario 
shows diffluence from the vector difference between upper-level and lower-level 
geostrophic winds.  This vector diffluence is indicative of speed convergence in the 
diffluent region, allowing for the possibility of convection.  The second scenario has 
equivalent lower-level geostrophic winds on each side of the diffluent flow, but upper-
level geostrophic winds veer equatorward from the poleward side to the equatorward side 
of the flow.  This indicates diffluence in the upper levels, allowing for upward motion 
and convection in this region (Funk 1991).   
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Figure 2.2. Vector diagrams showing two possible ways thickness diffluence can occur.  Dashed lines 
are thickness contours; Vu and Vl are the upper-level and lower-level geostrophic wind, respectively; 
Vth is the thermal wind, which parallels the thickness contours, and is defined as the vector 
difference between Vu and Vl.  The length of the wind vectors is proportional to the wind speeds 
(figure and caption taken from Funk 1991). 
 
 
2.4 Storm Structure 
 
Moore et al. (2003) focused on elevated mesoscale convective systems (MCSs).  
These are defined by Markowski and Richardson (2010) as any ensemble of 
thunderstorms producing a contiguous precipitation area on the order of 100 km or more 
in horizontal scale in at least one direction.  MCSs can take many forms, and can be both 
elevated and surface-based (Figure 2.4.1).  The storm structure is dependent on the 
environmental shear (change wind speed and direction with height) in the convective 
layer.  Elevated mesoscale convective systems tend to precipitate over a large area for a 
longer period of time, producing heavy rainfall leading to flash flooding. 
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Figure 2.3.1.  Venn diagram of MCS subclassifications.  The position and overlap of the circles and 
ellipses only indicates relationships among the subclassifications; the sizes of the circles and ellipses 
should not be taken too literally to infer the relative frequencies of the various types of MCS.  A 
small fraction of squall lines and bow echoes are not classified as MCSs because their horizontal 
length scale is less than 100 km (figure and caption taken from Markowski and Richardson 2010). 
 
Parker and Johnson (2000) describe three main organizational structures of MCSs 
based on their appearance on radar.  These include trailing stratiform (TS), leading 
stratiform (LS), and parallel stratiform (PS) MCSs (Figure 2.4.2).  TS MCSs have a 
convex line of convection along the front edge of the system defined by “intense 
reflectivity cells solidly connected by echo of more moderate intensity.”  This is followed 
by a sharp reflectivity gradient to a region of lower reflectivity, depicting the stratiform 
rain region.  LS MCSs are defined by the stratiform precipitation ahead of the convective 
line.  PS MCSs are defined by the stratiform region moving parallel and left of the 
motion vector of the convective line (Parker and Johnson 2000). 
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Figure 2.4.2. Schematic reflectivity drawing of idealized life cycles for three linear MCS archetypes: 
(a) TS, (b) LS, and (c) PS.  Approximate time intervals between phases: for TS 3–4 h; for LS 2–3 h; 
for PS 2–3 h.  Levels of shading roughly correspond to 20, 40, and 50 dBZ (figure and caption taken 
from Parker and Johnson 2000). 
 
Schumacher and Johnson (2005) examined 76 “extreme-rain-producing” MCSs 
and their structure at the time they were generating heavy rainfall.  They found that only 
17.1% of their cases could be classified as TS, 9.2% PS, and 2.6% LS.  The other 71.1% 
of their cases did not fit into the previously established categories.  This led Schumacher 
and Johnson (2005) to establish two more categories based on two of the most frequent 
modes they observed: training line, adjoining stratiform (TL/AS), which accounted for 
31.6% of their events, and quasi-stationary or back-building convection (BB), which 
accounted for 19.7% of their events (Figure 2.4.3).  The other 19.7% were other MCS 
structures that did not look structurally like any of the classifications when producing 
heavy rainfall (15.8%) and the occurrence of multiple separate convective systems within 
the same 24-hour period (3.9%), which together produced enough rainfall to surpass the 
heavy-rainfall threshold in their study (the location’s 50-year recurrence interval 
amount).   
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The TL/AS MCSs observed were most often on the cold side of a boundary.  
These systems have their stratiform region “adjacent to the convective line and moves in 
approximately the same direction as the line” (Schumacher and Johnson 2005).  The BB 
MCSs describe convective cells that continually develop upstream of the convective line 
and propagate downstream over the same location. 
 
Figure 2.4.3. Schematic diagram of the radar-observed features of the (a) TL/AS and (b) BB patterns 
of extreme-rain-producing MCSs.  Contours (and shading) represent approximate radar reflectivity 
values of 20, 40, and 50 dBZ. In (a), the low-level and midlevel shear arrows refer to the shear in the 
surface-to-925-hPa and 925–500-hPa layers, respectively, as discussed in section 4. The dash–dot line 
in (b) represents an outflow boundary; such boundaries were observed in many of the BB MCS 
cases. The length scale at the bottom is approximate and can vary substantially, especially for BB 
systems, depending on the number of mature convective cells present at a given time.) (Figure and 
caption taken from Schumacher and Johnson 2005).  
 
Corfidi et al. (2006) found that elevated thunderstorms and convective complexes 
can transition between elevated and surface-based systems.  This was analyzed further in 
Marsham et al. (2011) where they described in detail the transition of a nighttime, 
elevated MCS, into a surface-based squall line after sunrise.  In this case the transition 
occurred due to the warming of the boundary layer, which allowed the elevated cold pool 
to reach the surface, lifting surface-based air up to its level of free convection (LFC) 
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(Marsham et al. 2011).  Corfidi et al. (2006) also mentioned that surface-based 
thunderstorms that develop over higher terrain can often become elevated as they 
progress downslope.     
 
2.5 Elevated Severe Thunderstorms 
 
 Elevated thunderstorms mainly pose a threat for large hail and heavy rainfall 
(Grant 1995).  Damaging wind at the surface is less likely because it is difficult for the 
downdrafts to penetrate the low-level stable layer below the thunderstorms.  Also, a 
stable layer at the surface reduces the amount of negative buoyancy in the environment, 
which is needed for the generation of downdrafts strong enough to penetrate the stable 
layer (Markowski and Richardson 2010).   
 Grant (1995) conducted a study using severe thunderstorm reports from April 
1992 to April 1994.  He used one of the criteria from Colman (1990a) for elevated 
thunderstorms, that the “thunderstorm (from surface observation) must lie on the cold 
side of an analyzed frontal boundary,” and found 321 severe reports associated with 
elevated thunderstorms: 92% of his reports were for severe hail, 7% were for severe 
wind, and 1% were for tornadoes.  This was supported by Horgan et al. (2007), who 
looked at 1066 severe reports from 1983-1987, and found 59% to be severe hail, 37% to 
be severe wind, and 4% to be tornadoes.  Both these studies support the finding that large 
hail is one of the primary severe threats associated with elevated thunderstorms. 
 In Grant’s (1995) study, the environmental conditions associated with severe 
thunderstorm reports were determined using surface observations, objective analyses, and 
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22 observational soundings in the vicinity of the report locations on the cold side of an 
analyzed front.  He discovered large directional shear and speed shear in the lower and 
middle layers.  The environments between 850 and 500 hPa averaged 45° of veering, 
directional shear and contained positive speed shear greater than or equal to 20 kts.  This 
indicates that a very baroclinic environment is needed for elevated severe thunderstorms 
(Grant 1995). 
A westerly 500-hPa jet was observed typically far north of the location where 
severe weather was reported and an 850-hPa jet from the south or southwest was 
observed with its maximum starting in the warm sector and reaching 100 to 200 miles 
north of the surface front.  He also discovered that most of the reports were found along 
the nose of the 850-hPa jet.  Figure 2.6 depicts a common sounding for severe elevated 
convection on the cool side of a frontal boundary.  This sounding shows a noticeable 
frontal inversion from the surface to 850 hPa.  If an air parcel was lifted from the surface, 
it was forced back down by the tremendous convective inhibition (CIN), but if a parcel 
was lifted from 850 hPa, there was almost no CIN to overcome and plenty of CAPE 
which allowed the parcel to continue to rise (Grant 1995). 
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 Figure 2.6.  Sounding from Topeka, Kansas (TOP) at 1200 UTC 9 April 1992 (figure and caption 
taken from Grant 1995). 
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Chapter 3. Methodology 
 
3.1 Event Selection 
 
The goal of this project is to find the integral processes for the generation of 
heavy-rain-producing elevated thunderstorms.  This work lays the foundation for a larger 
field research project evaluating the destabilization process above the low-level stable 
boundary layer.  
In order to analyze the environment of elevated thunderstorms, events were 
collected within five National Weather Service county warning areas (CWAs), 
encompassing the elevated thunderstorm occurrence maximum found by Colman 
(1990a).  These were Kansas City (EAX), Springfield (SGF), Tulsa (TSA), Wichita 
(ICT), and Topeka (TOP) (Figure 3.1).  Composite grids for each CWA were created 
from the list of events in each region.   
 
 Figure 3.1.  Image showing selected National Weather Service county warning areas overlaying 
Colman’s (1990a) climatology of elevated thunderstorm events from September 1978 through August 
1982.   
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Events were chosen by first looking at daily precipitation charts (U.S. Unified 
Daily Precipitation Analyses).  These spanned a 24-hour period from 1200 UTC to 1200 
UTC.  The date range analyzed was 1979-2012, including only warm season months 
from April through September.  Dates were chosen if there was precipitation recorded 
greater than 2 in. (5 cm) within a boundary of a CWA and, if either the precipitation 
occurred on the cooler side of a clear 2-m. θe boundary, or there was a low-level 
nocturnal inversion in both the vertical θe and the reanalysis model sounding from the 
precipitation maximum location.  Two inches (5 cm) was chosen because Moore et al.’s 
(2003) criteria of four inches did not garner enough events in all five CWAs for the 
results to be statistically significant. 
 
3.2 Analyzing Event Climatology 
 
Once the lists of events were created for each county warning area (lists can be 
found on the second page of each appendix A-E), an analysis could be done to look at the 
distribution of events per month through the warm season.  To do this, an Excel 
spreadsheet formula counted the number of events which occurred for each month from 
April through September.  From this, bar graphs were created to show what time of the 
year had the most events for each county warning area.  
This method was repeated to show what time of day was favorable for more 
events to occur.  A spreadsheet counted the number of events which occurred at 00Z, 
03Z, 06Z, 09Z, 12Z, 15Z, 18Z, and 21Z, and a bar graph showed which time had the 
most events for each county warning area.   
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3.3 Creating Composites 
 
From the list of dates for each CWA, North America Regional Reanalysis 
(NARR) (NOAA/OAR/ESRL) grid files were then downloaded from the NOAA National 
Operational Model Archive & Distribution System (NOMADS).  The NARR is a 32-km, 
dynamically consistent atmospheric and surface hydrology dataset that is created by 
assimilating surface observations from multiple sources.  The dataset covers the period 
from 1979 to the present, with eight grids created for every day covering three-hour time 
periods (Mesinger et al. 2006).   
These NARR files were converted to General Meteorological Package 
(GEMPAK) files for plotting using GEMPAK (de sJardins et al. 1991).  In order to find 
the time of the event, three-hourly accumulated rainfall was plotted until the highest 
accumulation was found corresponding to the precipitation maximum on the daily 
precipitation map.  This defines the event time as the NARR time step where the heaviest 
rainfall occurred over the next three hours. 
Once the time was found, 2-m. θe was plotted with the three-hourly accumulated 
precipitation to see if the maximum was on the cold side of a surface boundary.  This 
boundary contained approximately three 2-K. contours or more.  If there was not a clear 
surface boundary, then a model sounding was taken from the local rainfall maximum 
location within the CWA.  If there was a stable layer inversion at or above the surface of 
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at least 25 hPa depth inhibiting surface-based convection, the case was considered to be 
elevated.   
From this method, a list of events was collected as well as coordinates for each 
event from the event’s local precipitation maximum.  Table 3-1 shows the number of 
cases in each composite, and a complete listing of the cases used in each composite can 
be found in the corresponding appendix (A for Kansas City, B for Topeka, C for Wichita, 
D for Tulsa, and E for Springfield).  These lists were used to generate composites, using 
software developed at Saint Louis University (also used by Gosselin et al. 2011, and an 
earlier version of the software was used by Moore et al. 2003), for the elevated 
thunderstorm event time, as well as the 6-hr and 12-hr periods preceding the event.  For 
each CWA, 207-by-207 grids (32-km by 32-km grid spacing) were taken from the NARR 
dataset for all the events in that CWA.  These grids were centered on the coordinate for 
the local precipitation maximum from each event.  The centers of these grids (local 
rainfall maxima) were then overlaid geographically onto the centroid of the CWA 
polygon, and the parameters at each level were then averaged to give a composite 
environment for heavy-rain-producing elevated thunderstorms.  Once the composite grid 
files were created, GEMPAK scripts were used to plot different parameters to analyze the 
environment at the event time, in addition to the preceding 6-hr and 12-hr time steps.   
 
Table 3.3-1.  Table listing the number of cases used to create each composite for each National 
Weather Service county warning area.   
County Warning Area Kansas City Topeka Wichita Tulsa Springfield 
Number of Cases 60 51 68 63 46 
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3.4 Limitations of Compositing 
  
 The nature of composite analysis has some inherent limitations that can lead to 
misinterpretation of the results if not analyzed carefully.  First, compositing smoothes the 
results considerably, both in magnitude and in location of certain features.  The initial 
Barnes analysis and the composite averaging, itself, smooth detail in the resulting grids 
(Moore et al 2003).  Finally, when the grids are plotted using GEMPAK, a gaussian 
weighted smoothing function is used to reduce noise seen in the images produced.   
 In order to test the representativeness of the composite grid to the actual 
environments observed for the events within the composite, it is important to show the 
amount of variability within the dataset.  In order to do this, mean-and-quartile spread 
plots were generated along-side the mean plots.  The spread was calculated by subtracting 
the 25th percentile parameters from the 75th percentile parameters (e.g.: HGHT75-
HGHT25).  This method highlights variability in both magnitude and location based on 
the location of the spread in relation to mean features.   
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Chapter 4. Composite Analysis 
 
4.1 Frequency Distribution 
 
 The climatological analysis of all the events in all five county warning areas 
(figure 4.1.1) showed that the most events in this dataset occurred during the month of 
June (51 events), while the least number of events occurred in April (22 events).  
Looking at the time distribution (figure 4.1.2), most events occurred at 09Z (73 events), 
while the least events occurred at 21Z (2 events).  Overall, a diurnal tendency is clear 
from this dataset, with most events (90.0%) occurring between 03Z and 12Z.   
 
 
Figure 4.1.1. Bar graph showing total number of events in all five county warning areas that 
occurred during each month.  If an event occurred in more than one county warning area either at 
the same time, or within 12 hours of another event on the same date, the event was only counted 
once. 
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Figure 4.1.2. Bar graph showing total number of events in all five county warning areas that 
occurred at each event time.  If an event occurred in more than one county warning area at the same 
time and on the same date as another event, the event was only counted once. 
 
 For a complete frequency breakdown of events by county warning area, see 
Appendix A-E.   
 
4.2 Environmental Analysis  
 
 The composites generated for the five National Weather Service CWAs showed 
fairly similar environments.  For this reason, the Kansas City (EAX) composites will be 
used for illustrating the following environmental analysis.  It was chosen because it is a 
good representation of the general setting for heavy-rain-producing elevated 
thunderstorms, as seen in all five composite studies.  Any anomalies will be noted 
through the analysis.  For all plots generated from the 12-hour, 6-hour, and event time 
composites of all five National Weather Service county warning areas, see Appendices 
A-E.   
 
12 
47 
70 73 
45 
7 5 2 
0
10
20
30
40
50
60
70
80
0:00 3:00 6:00 9:00 12:00 15:00 18:00 21:00
Total Number of Events at Each Time 
25 
 
4.2.1 Upper-Level Analysis 
 
Twelve hours prior to the composite event, the region of heavy precipitation is 
just upstream of a 250-hPa ridge, with a trough over the Rocky Mountains, and a second 
weaker trough over the northeastern U.S. (Figure 4.2.1.1).  The geopotential height 
spread image shows not a lot of discrepancy over the location of the upper-level features, 
but there is some spread in the magnitude of the ridge and troughs.   
While the trough at 250 hPa propagates eastward, the jet streak in all five CWAs 
tends to build backward, appearing to strengthen or propagate westward (this is most 
apparent in composites from EAX, SGF, and TOP).  While the spread plots show some 
incongruity between events in the location and magnitude of the jet streak to the 
northwest, lesser spread (< 30 kts, or < 15 ms
-1
) is located over the entrance region of the 
jet streak to the northwest.  This intensification could be in response to the convection 
developing over the region.  According to Ninomaya (1971), strong divergence and 
diffluence near the upper-troposphere in the storm region can be attributed to the 
significant upward transport of mass and latent heat released during condensation.  The 
divergence and diffluence create a new jet streak with the storm area located in its right 
entrance region (Ninomaya 1971).   
A weak maximum in divergence is located over the event location 12 hours prior 
to the event.  This maximum remains fairly weak over the next six hours, as the jet streak 
to the northeast strengthens westward (Figure 4.2.1.2).  Mean and spread plots before the 
event time show that weak divergence at 250 hPa is common 12 and even 6 hours before 
the event time, with little spread (< 4x10
-5
s
-1
) over the region, likely highlighting 
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disagreements in location more than magnitude.  
 
By the time of the event (Figure 
4.2.1.3), divergence has increased dramatically over the event location.  The spread 
shows consistency between the composited events in the location of the divergence 
maximum over the site where heavy rainfall occurred.  The large spread is mainly form 
the difference in magnitude of divergence between events, as the spread maximum is 
centered over the divergence maximum and the event location. 
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a) 
b) c) 
d) 
Figure 4.2.1.1. Kansas City composite for 12 
hours prior to the event showing 250-hPa:a) 
geopotential height (black, gpm), isotachs 
(color-filled, kts), and divergence (dashed, 
x10
-5
 s
-1
);  b) mean geopotential height 
(black,gpm) and 75-25 percentile mean spread 
(color-filled, gpm);  c) mean wind speed 
(black, kts) and 75-25 percentile mean spread 
(color-filled, kts); d) mean divergence (black, 
x10
-5
 s
-1
) and 75-25 percentile mean spread 
(color-filled, x10
-5
 s
-1
).  The star is located at 
the centroid of the CWA. 
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Figure 4.2.1.2. Kansas City composite for 6 
hours prior to the event showing 250-hPa: a) 
geopotential height (black, gpm), isotachs 
(color-filled, kts), and divergence (dashed, 
x10
-5
 s
-1
);  b) mean geopotential height 
(black,gpm) and 75-25 percentile mean 
spread (color-filled, gpm);  c) mean wind 
speed (black, kts) and 75-25 percentile mean 
spread (color-filled, kts); d) mean divergence 
(black, x10
-5
 s
-1
) and 75-25 percentile mean 
spread (color-filled, x10
-5
 s
-1
).  The star is 
located at the centroid of the CWA. 
a) 
b) c) 
d) 
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Figure 4.2.1.3. Kansas City composite for the 
event time showing 250-hPa: a) geopotential 
height (black, gpm), isotachs (color-filled, 
kts), and divergence (dashed, x10-5 s-1);  b) 
mean geopotential height (black,gpm) and 
75-25 percentile mean spread (color-filled, 
gpm);  c) mean wind speed (black, kts) and 
75-25 percentile mean spread (color-filled, 
kts); d) mean divergence (black, x10-5 s-1) 
and 75-25 percentile mean spread (color-
filled, x10-5 s-1).  The star is located at the 
centroid of the CWA. 
a) 
b) c) 
d) 
30 
 
At 500 hPa, again a weak ridge is situated over the region, with the event location 
just upstream of the ridge axis (Figures 4.2.1.4).  The spread plots indicate that the 
location is fairly consistent between the cases within the composite, but the magnitude of 
the ridge and troughs on either side may differ.  It also is evident from the mean that 
weak positive vorticity advection occurs just ahead of the event, as an increase of 1-3x10
-
5
 s
-1
 is seen in all the composites over the 6-hour period leading up to the event (Figures 
4.2.1.5-4.2.1.6).  Though this may occur, the spread plots indicate a spread over the 
location of > 5 x 10
-5
 s
-1
, meaning that the vorticity maximum is not a significant feature.   
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Figure 4.2.1.4. Kansas City composite for 12 hours prior to the event showing 500-hPa: a) 
geopotential height (black, gpm) and absolute vorticity (dashed, color-filled >9x10
-5
 s
-1
); b) mean 
geopotential height (black,gpm) and 75-25 percentile mean spread (color-filled, gpm); c) mean 
absolute vorticity (black, x10
-5
 s
-1
) and 75-25 percentile mean spread (color-filled, x10
-5
 s
-1
.  The star 
is located at the centroid of the CWA. 
a) 
b) c) 
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a) 
c) b) 
Figure 4.2.1.5. Kansas City composite for 6 hours prior to the event showing 500-hPa: a) 
geopotential height (black, gpm) and absolute vorticity (dashed, color-filled >9x10
-5
 s
-1
); b) mean 
geopotential height (black,gpm) and 75-25 percentile mean spread (color-filled, gpm); c) mean 
absolute vorticity (black, x10
-5
 s
-1
) and 75-25 percentile mean spread (color-filled, x10
-5
 s
-1
.  The star 
is located at the centroid of the CWA. 
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a) 
c) b) 
Figure 4.2.1.6. Kansas City composite for the event time showing 500-hPa: a) geopotential height 
(black, gpm) and absolute vorticity (dashed, color-filled >9x10
-5
 s
-1
); b) mean geopotential height 
(black,gpm) and 75-25 percentile mean spread (color-filled, gpm); c) mean absolute vorticity 
(black, x10
-5
 s
-1
) and 75-25 percentile mean spread (color-filled, x10
-5
 s
-1
.  The star is located at the 
centroid of the CWA. 
34 
 
4.2.2 Low-Level Analysis 
 
 The composites at 850 hPa reveal a height gradient over the event region, with 
lower geopotential heights to the northwest and greater heights to the southeast (Figures 
4.2.2.1-4.2.2.3).  The gradient strengthens from 12 (Figure 4.2.2.1) to six-hours prior 
(Figure 4.2.2.2), generating a south-southwesterly low-level jet with mean winds 
exceeding 20 kts (10 m/s).  During the last six hours leading up to the event (Figure 
4.2.2.3), the gradient tightens even more, expanding and strengthening the low-level jet 
to include mean wind speeds in excess of 25 kts (13 m/s) in all CWAs except for ICT.   
The event location in all the CWAs is located in the left-exit region, consistent with the 
results found in Colman (1990a) and Moore et al. (2003).   
 The 850-hPa spread plots show disagreement mainly over the location of the low-
level jet, in the east and west directions.  There appears to be a greater difference in 
magnitude of the low-level jet earlier before the event, but at the time of the event, the 
larger spread is found to the east and west of the feature.  This causes some doubt in the 
previous conclusion that the best location for the development of heavy rain is in the left-
exit region of the low-level jet (Colman 1990a, Moore et al 2003).   
 
 
 
 
 
 
 
35 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a) 
c) 
Figure 4.2.2.1. Kansas City composite for 12 hours prior to the event showing 850-hPa: a) 
geopotential height (black, gpm) and isotachs >20 kts (color-filled); b) mean geopotential height 
(black,gpm) and 75-25 percentile mean spread (color-filled, kts); c) mean isotachs >20 kts (black) 
and 75-25 percentile mean spread (color-filled, kts).  The star is located at the centroid of the CWA. 
b) 
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a) 
c) 
Figure 4.2.2.2. Kansas City composite for 6 hours prior to the event showing 850-hPa: a) 
geopotential height (black, gpm) and isotachs >20 kts (color-filled); b) mean geopotential height 
(black,gpm) and 75-25 percentile mean spread (color-filled, kts); c) mean isotachs >20 kts (black) 
and 75-25 percentile mean spread (color-filled, kts).  The star is located at the centroid of the CWA. 
b) 
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a) 
c) 
Figure 4.2.2.3. Kansas City composite for the event time showing 850-hPa: a) geopotential height 
(black, gpm) and isotachs >20 kts (color-filled); b) mean geopotential height (black,gpm) and 75-25 
percentile mean spread (color-filled, kts); c) mean isotachs >20 kts (black) and 75-25 percentile 
mean spread (color-filled, kts).  The star is located at the centroid of the CWA. 
b) 
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The formation of the low-level jet coincides with the equivalent potential 
temperature advection maximum that appears at 850 hPa (Figure 4.2.2.4), along the nose 
of the low-level jet.  The advection maximum is located over or just northeast of the 
event location, to the north of the two-meter θe boundary (only the SGF composite does 
not have the event location within the advection maximum).  This maximum represents 
the location of mass convergence occurring along the northern extent of the low-level jet.  
This convergence region represents the location of the southern extent of the low-level 
stable layer.   
The spread plots show that though this feature exists, there is a large difference in 
both the magnitude and location of this θe advection maximum; therefore, this is likely 
not a good parameter to use for finding the location of a heavy rainfall event.   
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a) 
c) 
Figure 4.2.2.4. Kansas City composite for the event time showing 850-hPa: a) equivalent potential 
temperature advection (color-filled, K (3h)
-1
) and 2-m equivalent potential temperature (brown, 
K); b) mean equivalent potential temperature advection (black, K(3h)
-1
) and 75-25 percentile 
mean spread (color-filled, K (3h)
-1
); c) mean 2-m equivalent potential temperature (black, K) and 
75-25 percentile mean spread (color-filled, K).  The star is located at the centroid of the CWA. 
b) 
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4.2.3 Stability Analysis 
  
 Though the composite most-unstable CAPE (MUCAPE) reveals a fairly unstable 
environment, the K-index is better at showing the increase in elevated instability with 
time.  While MUCAPE values decrease over the region from 12-hour prior toward the 
event time, K-index values increase from 30 to 35 (seen in figures 4.2.3.1-4.2.3.3).  The 
30 and eventually 35 contour seems to surge northward from the south-southwest, along 
the low-level jet, eventually placing the event location in the northeast part of the 35 
contour.   
 The K-index (KI) is calculated using the following equation (Petty 2008): 
                                            KI = T850 – T500 + Td,850 – (T700 – Td,700)                             (4.1) 
The quantities contributing to this index include: temperature at 850 hPa (T850) in degrees 
Celsius, temperature at 500 hPa (T500) in degrees Celsius, dewpoint temperature at 850 
hPa (Td,850) in degrees Celsius, temperature at 700 hPa (T700) in degrees Celsius, and 
dewpoint temperature at 700 hPa (Td,700) in degrees Celsius.  Because it only analyzes the 
environment above 850 hPa, the calculation stays above the low-level stable layer most 
of the time.   
MUCAPE finds the most unstable parcel and uses that to calculate the potential 
instability of the environment, and because several of these cases occur either after a 
frontal passage or after dark, the surface-based parcel is found to be the most unstable 12 
hours prior to the event.  As the front moves through or the sun goes down, the surface-
based instability decreases, and MUCAPE begins to come from elevated parcels.  This 
means that though the MUCAPE may continue decreasing during the 12 hour period 
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leading up to the event (Figures 4.2.3.1-4.2.3.3), the decrease should be less over the 
event location.  Using the K-index, the elevated-unstable region stands out much more 
prominently than when using MUCAPE. 
The spread plots show that the K-index is the better parameter to use for 
analyzing the increase in elevated instability.  Twelve and six hours prior to the event the 
region is covered by a MUCAPE spread of >2000 Jkg
-1
.  At the same time periods, the K-
index spread over the region is < 7.5.  While the spread in both decreases at the time of 
the event, the MUCAPE spread is still > 1500 Jkg
-1
 over the event location.  This is larger 
than the mean (1000-1500 Jkg
-1
).  The K-index spread at the event time reduces to < 5.  
That is within one contour interval of the mean.   
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a) 
c) 
Figure 4.2.3.1. Kansas City composite for 12 hours prior to the event showing: a) most-unstable 
CAPE (color-filled, J kg
-1
) and K-index (purple); b) mean most-unstable CAPE (black, J kg
-1
) and 
75-25 percentile mean spread (color-filled, J kg
-1
); c) mean K-index (black) and 75-25 percentile 
mean spread (color-filled).  The star is located at the centroid of the CWA. 
b) 
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a) 
c) 
Figure 4.2.3.2. Kansas City composite for 6 hours prior to the event showing: a) most-unstable 
CAPE (color-filled, J kg
-1
) and K-index (purple); b) mean most-unstable CAPE (black, J kg
-1
) and 
75-25 percentile mean spread (color-filled, J kg
-1
); c) mean K-index (black) and 75-25 percentile 
mean spread (color-filled).  The star is located at the centroid of the CWA. 
b) 
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a) 
c) 
Figure 4.2.3.3. Kansas City composite for the event time showing: a) most-unstable CAPE (color-
filled, J kg
-1
) and K-index (purple); b) mean most-unstable CAPE (black, J kg
-1
) and 75-25 
percentile mean spread (color-filled, J kg
-1
); c) mean K-index (black) and 75-25 percentile mean 
spread (color-filled).  The star is located at the centroid of the CWA. 
b) 
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4.2.4 Analysis of Heavy Rainfall Predictors 
 
To analyze the amount of moisture in our environment, this study looks at 
precipitable water values and 1000-500-hPa mean-layer relative humidity, in accordance 
with the method used by Moore et al. (2003).  Funk (1991) also suggests looking for a 
diffluent 1000-500-hPa thickness pattern when forecasting for a heavy rainfall event.  
Finally, 900-700-hPa mean-layer mixing ratio is plotted as well as 900-650-hPa layer-
minimum omega.  Because precipitable water was found not to be well correlated with 
precipitation efficiency (Market et al. 2003), this study attempts to analyze the vertical 
moisture flux (wq) described by Doswell et al. (1996). 
Twelve hours prior to the event, the region is already very moist with precipitable 
water values exceeding 1.4 inches (3.6 cm) (Figure 4.2.4.1).  As the event time 
approaches, moisture is advected in from the low-level jet, increasing precipitable water 
values to over 1.6 inches (4.1 cm) by the time of the event (Figures 4.2.4.2 and 4.2.4.3); 
note that Kansas City was the outlier with values greater than 1.8 inches (4.6 cm).  1000-
500-hPa mean-layer relative humidity values exceed 60% 12 hours prior to the event 
(Figure 4.2.4.4), increasing to over 75% at the heavy rain event location at the time of the 
event (Figure 4.2.4.6).   
Looking at 1000-500-hPa layer thickness, all the composites show diffluent 
thickness patterns over the event region as early as 12 hours prior to the event (Figure 
4.2.4.1).  This diffluence appears to expand further downstream in the last six hours 
before the event (Figures 4.2.4.2-4.2.4.3).  It is interesting to note that there appears to be 
little spread in the thickness field (< 4.5 dkm) over the event location from 12 hours up to 
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the event time.  This indicates that the diffluent thickness pattern is common within a 
large number of the composited events.   
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 d) 
Figure 4.2.4.1. Kansas City composite for 12 
hours prior to the event showing: a) average 
mean sea-level pressure (black, hPa), 1000-
500-hPa layer thickness (dashed, dkm), and 
precipitable water (color-filled, in).  b) 
average mean sea-level pressure (black, hPa) 
and 75-25 percentile spread (color-filled, 
hPa);  c) mean thickness (black, dkm) and 
75-25 percentile spread (color-filled, kts); d) 
mean precipitable water (black, in) and 75-
25 percentile spread (color-filled, in).  The 
star is located at the centroid of the CWA. 
a) 
b) c) 
d) 
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Figure 4.2.4.2. Kansas City composite for 6 
hours prior to the event showing: a) average 
mean sea-level pressure (black, hPa), 1000-
500-hPa layer thickness (dashed, dkm), and 
precipitable water (color-filled, in).  b) 
average mean sea-level pressure (black, hPa) 
and 75-25 percentile spread (color-filled, 
hPa);  c) mean thickness (black, dkm) and 
75-25 percentile spread (color-filled, kts); d) 
mean precipitable water (black, in) and 75-
25 percentile spread (color-filled, in).  The 
star is located at the centroid of the CWA. 
a) 
b) c) 
d) 
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Figure 4.2.4.3. Kansas City composite for the 
event time showing: a) average mean sea-
level pressure (black, hPa), 1000-500-hPa 
layer thickness (dashed, dkm), and 
precipitable water (color-filled, in).  b) 
average mean sea-level pressure (black, hPa) 
and 75-25 percentile spread (color-filled, 
hPa);  c) mean thickness (black, dkm) and 
75-25 percentile spread (color-filled, kts); d) 
mean precipitable water (black, in) and 75-
25 percentile spread (color-filled, in).  The 
star is located at the centroid of the CWA. 
a) 
b) c) 
d) 
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Figure 4.2.4.4. Kansas City composite for 12 hours prior to the event showing 1000-500-hPa mean-
layer relative humidity (color-filled >70%) and mean sea-level pressure (black, hPa).  The star is 
located at the centroid of the CWA. 
 
Figure 4.2.4.5. Kansas City composite for 6 hours prior to the event showing 1000-500-hPa mean-
layer relative humidity (color-filled >70%) and mean sea-level pressure (black, hPa).  The star is 
located at the centroid of the CWA. 
 
Figure 4.2.4.6. Kansas City composite for the event time showing 1000-500-hPa mean-layer relative 
humidity (color-filled >70%) and mean sea-level pressure (black, hPa).  The star is located at the 
centroid of the CWA. 
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 Looking at Doswell et al.’s (1996) moisture flux, wq, at the event time (Figure 
4.2.4.5), mixing ratio values (q) below the base of the cloud are approximated by 900-
700-hPa mean-layer values.  The composites show that these values exceed 10 g kg
-1
 
over a large portion of the composite region, including the event location at the time of 
the heavy rain (TSA is the only composite region that only has values greater than 9 g  
kg
-1
).  Next, 900-650-hPa layer minimum omega values (w) were plotted.  This layer was 
chosen in order to include the maximum vertical motion through the base of the cloud.  
Putting the upper boundary as high as 650 hPa includes the possibility that the most-
unstable parcel for elevated convection could be as high as 650 hPa.  In Market et al. 
(2006), they found for elevated convection (thundersnow) that the mean most-unstable 
parcel was lifted from 671 hPa.  The composites show  values less than -9 μb s-1 at the 
event location, indicating significant vertical motion over the event location (the Kansas 
City composite had the weakest upward vertical motion with values only less than -8 μb 
s
-1
). 
 While Doswell et al.’s (1996) moisture flux parameter does incorporate vertical 
influx of moisture into the base of the cloud, horizontal flux is not represented.   
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Figure 4.2.4.7. Kansas City composite for 12 hours prior to the event showing 900-700-hPa mean-
layer mixing ratio (color-filled, g kg
-1
) and 900-650-hPa layer-minimum omega (dashed, μb s-1).  The 
star is located at the centroid of the CWA. 
 
Figure 4.2.4.8. Kansas City composite for 6 hours prior to the event showing 900-700-hPa mean-layer 
mixing ratio (color-filled, g kg
-1
) and 900-650-hPa layer-minimum omega (dashed, μb s-1).  The star is 
located at the centroid of the CWA. 
 
Figure 4.2.4.9. Kansas City composite for the event time showing 900-700-hPa mean-layer mixing 
ratio (color-filled, g kg
-1
) and 900-650-hPa layer-minimum omega (dashed, μb s-1).  The star is located 
at the centroid of the CWA. 
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4.3 Cross-Section Analysis 
 
 A cross-section through the heavy rainfall event region 12 hours prior to the event 
(Figure 4.3.1) shows an established direct thermal circulation, created by the right-
entrance region of the upper-level jet streak.  The stable layer is present over the event 
location, as seen by the cluster of θe contours around 850 hPa.   As the low-level jet 
begins to grow six hours prior to the event (Figure 4.3.2), the θe contours begin to fold 
over on themselves over the strengthening column of ascent.  Finally, at the event time 
(Figure 4.3.3), the ageostrophic circulation vectors show well the interaction of the 
lower-level and upper-level jets, as the low-level ageostrophic circulation vectors, 
seeming to ride up the folded-over θe contours, create their own broad circulation on the 
right side of the ascent column.   
The Wichita composite did not show θe folding at the surface as clearly as the 
other four composite cross-sections, but the circulation vectors still travel up a weak wind 
slope.  This possibly indicates that many of the events in the ICT composite were 
associated with weaker stable boundary layers, such as nocturnal inversions instead of 
frontal boundaries.   
The low-level jet drives the warmer air above the stable boundary layer, upslope 
until the warmer air gets incorporated into the direct thermal circulation created by the 
entrance region of the upper-level jet streak. The two circulations are evident in the 
ageostrophic circulation vector field, one to the left and one to the right of the vertical 
motion column (Figure 4.3.1).  These circulations work together to enhance vertical 
motion over the event location.   
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 Equivalent potential temperature on the cross-section shows the potential 
instability where θe decreases with height over the event region (Figure 4.3.3).  In all of 
the composite cross-sections this is found to occur between 850-700 hPa.  Mixing ratio 
plotted on the cross sections shows moisture ascending in the column of vertical motion 
as well, with values of 3 g kg
-1
 ascending to 500-hPa. 
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Figure 4.3.1. Kansas City composite cross-section 12 hours prior to the event, through the region as 
seen on the upper figure.  Parameters shown are equivalent potential temperature (purple, K), scalar 
normal isotachs (dashed, kts), ageostrophic circulation vectors (navy vectors, kts), and mixing ratio 
(color-filled, g kg
-1
). 
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Figure 4.3.2. Kansas City composite cross-section 6 hours prior to the event, through the region as 
seen on the upper figure.  Parameters shown are equivalent potential temperature (purple, K), scalar 
normal isotachs (dashed, kts), ageostrophic circulation vectors (navy vectors, kts), and mixing ratio 
(color-filled, g kg
-1
). 
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Figure 4.3.3. Kansas City composite cross-section for the event time, through the region as seen on 
the upper figure.  Parameters shown are equivalent potential temperature (purple, K), scalar normal 
isotachs (dashed, kts), ageostrophic circulation vectors (navy vectors, kts), and mixing ratio (color-
filled, g kg
-1
). 
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Chapter 5. Elevated Thunderstorm Cases 
 
 For this study, two different case studies were chosen in two different county 
warning areas: one associated with a frontal boundary and the other not associated with a 
frontal boundary.  The frontal case from 16 July 2004 was chosen because the NARR 
grid file environment matched up well with the composite analysis (though it had a 
different orientation), and produced 1.54 inches (3.91 cm) of rain in the NARR grid file 
over the three hour period from 09Z to 12Z.  The non-frontal case from 25 August 2005 
was chosen because it was an extreme event, producing over 5 inches (12.7 cm) of rain, 
and it matched up very closely with the composite environment.  
 
5.1 Frontal Case: 16 July 2004 
 
 On 16 July 2004, a surface low-pressure center was situated over northeastern 
Kansas, with its associated stationary front draped southeast through southwest Missouri 
and central Arkansas (Figure 5.1).  From 09Z through 12Z on the 16th, 1.54 inches (3.91 
cm) of rain fell in northwestern Missouri, on the lower-θe side of the surface boundary.  
Six different counties in northwest Missouri reported flash flooding from this event, 
washing out two bridges, and water over the road stalled cars in downtown Kansas City 
(NCDC 2004).   
59 
 
 
Figure 5.1. Surface analysis from the Hydrometeorological Prediction Center from 0900Z on 16 July 
2004. 
 
 
 
5.1.1 Environmental Analysis at 0900Z on 16 July 2004 
 
 Looking first at 250 hPa (Figure 5.1.1), a jet streak was situated to the east, with 
northwest Missouri located under the divergence maximum associated with its right-
entrance region.  A ridge was situated over the Rocky Mountains and Western Plains, 
both at 250 hPa and 500 hPa, with Missouri under northwesterly flow.   
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Figure 5.1.1. NARR image from 0900Z on 16 July 2004, showing 250-hPa geopotential height (brown, 
gpm), isotachs > 50 kts (color-filled), and divergence (pink, x10
-5
 s
-1
).  The star represents the location 
where the heaviest rainfall occurred over the next three hours. 
 
Figure 5.1.2. NARR image from 0900Z on 16 July 2004, showing 500-hPa geopotential height (black, 
gpm) and absolute vorticity (dashed, color-filled >9x10
-5
 s
-1
).  The star represents the location where 
the heaviest rainfall occurred over the next three hours. 
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 The 850-hPa NARR analysis (Fig. 5.1.3) shows a weak low-level jet formed on 
the east side of a deformation zone, with speeds greater than 25 kts (12.9 m/s) just west 
of the local precipitation maximum.  The low-level jet was oriented perpendicular to the 
height contours at 850 hPa, indicating strongly ageostrophic flow.  Looking at 850-hPa θe 
advection and two-meter θe (Figure 5.1.4), a maximum of greater than 6 K (3 h)
-1
 was 
located just west of the precipitation maximum along the nose of the low-level jet. 
 
Figure 5.1.3. NARR image from 0900Z on 16 July 2004, showing 850-hPa geopotential height (black, 
gpm), isotachs >20 kts (color-filled), and wind barbs (kts).  The star represents the location where the 
heaviest rainfall occurred over the next three hours. 
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Figure 5.1.4. NARR image from 0900Z on 16 July 2004, showing 850-hPa equivalent potential 
temperature advection (color-filled, K (3 h)
-1
) and 2-m equivalent potential temperature  
(brown, K).  The star represents the location where the heaviest rainfall occurred over the next three 
hours. 
 
 A diffluent 1000-500-hPa thickness pattern is situated over western Missouri, 
with precipitable water values greater than 2.0 inches (5.0 cm) (Figure 5.1.5).  This 
suggests that the environment could precipitate efficiently, allowing for the production of 
heavy rainfall.    
 The cross-section in Figure 5.1.6 shows the ageostrophic circulation vectors 
associated with the low-level jet being forced upward over the stationary frontal 
boundary at the surface, generating the elevated instability and forcing needed for the 
generation of elevated thunderstorms.  Mixing ratios greater than 12 g kg
-1
 assisted in 
increasing the precipitation efficiency over the location, and were lifted almost to 700 
hPa.   
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Figure 5.1.5. NARR image from 0900Z on 16 July 2004, showing 1000-500-hPa layer thickness 
(dashed, dkm), mean-sea-level pressure (black, hPa), and precipitable water (color-filled, in).  The 
star represents the location where the heaviest rainfall occurred over the next three hours. 
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Figure 5.1.6. NARR cross-section through region, as seen on upper figure,  from 0900Z on 16 July 
2004.  Parameters shown are equivalent potential temperature (purple, K), scalar normal wind 
(dashed, kts), ageostrophic circulation vectors (navy vectors, kts), and mixing ratio > 3 g kg
-1
 (color-
filled). 
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 Though this case had a different orientation than the composite environment, the 
environment was fairly similar, with a low-level jet at 850 hPa, situated perpendicular to 
the frontal boundary.  The associated θe advection maximum was just downstream of the 
event location.  The warmer westerly flow at 850 hPa was under cooler northwesterly 
flow aloft, helping to steepen the lapse rates between the two levels and increasing 
elevated instability.  Ample moisture in the environment along with the vertical forcing 
generated by the low-level jet being incorporated into the direct thermal circulation of the 
upper-level jet to the east allowed for efficient rainfall production and high rainfall rates.   
 
5.2 Non-Frontal Case: 25 August 2005 
 
 The elevated rainfall event that occurred on 25 August 2005 produced over five 
inches of rain, with reports of 8-12 inches (20-30 cm) in 12 hours from storm reports out 
of Wilson County and Butler County (NCDC 2005).  NARR data showed this event 
starting around 0900Z, with 1.9 inches (4.8 cm) falling from 0900Z to 1200Z.  This event 
caused flash flooding over a large area, with 13 counties in Kansas reporting flash 
flooding.  El Dorado in Butler County had to be evacuated, and many people had to be 
rescued from stranded cars due to high water.  
 
5.2.1 Environmental Analysis at 0900Z on 25 August 2005 
 
 The event location was situated under a divergence maximum associated with the 
right entrance region of a jet streak at 250 hPa (Figure 5.2.1).  A large ridge was in place 
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over the eastern half of the continental U.S., with eastern Kansas upstream of the ridge 
axis.  At 500 hPa (Figure 5.2.2), a vorticity maximum was just north of the precipitation 
maximum, and a fairly large shortwave was travelling along the ridge, with a trough to 
the north-northeast over Iowa.   
 
Figure 5.2.1. NARR image from 0900Z on 25 August 2005, showing 250 hPa geopotential height 
(black, gpm), isotachs ≥ 50 kts (color-filled), and divergence (dashed, x10-5 s-1).  The star represents 
the location where the heaviest rainfall occurred over the next three hours. 
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Figure 5.2.2. NARR image from 0900Z on 25 August 2005, showing 500 hPa geopotential height 
(black, gpm) and absolute vorticity (dashed, color-filled > 9x10
-5
 s
-1
).  The star represents the location 
where the heaviest rainfall occurred over the next three hours. 
 
 Further down at 850 hPa (Figure 5.2.3), a south-southwesterly low-level jet (≥ 40 
kts, 20 m s
-1
) was situated over western Kansas and Oklahoma, with the rainfall 
maximum positioned along its nose.  850-hPa θe advection (Figure 5.2.4) shows a 
maximum just to the north, with advections greater than 16 K (3h)
-1
.   
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Figure 5.2.3. NARR image from 0900Z on 25 August 2005, showing 850 hPa geopotential height 
(brown, gpm) and isotachs ≥ 20 kts (color-filled).  The star represents the location where the heaviest 
rainfall occurred over the next three hours. 
 
 
Figure 5.2.4. NARR image from 0900Z on 25 August 2005, showing 850-hPa equivalent potential 
temperature advection (color-filled, K (3h)
-1
) and 2-m equivalent potential temperature (K).  The star 
represents the location where the heaviest rainfall occurred over the next three hours. 
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Figure 5.2.5. NARR image from 0900Z on 25 August 2005, showing 1000-500-hPa layer thickness 
(dashed, dkm), mean sea-level pressure (black, hPa), and precipitable water (color-filled, in).  The 
star represents the location where the heaviest rainfall occurred over the next three hours. 
 
 Figure 5.2.5 shows diffluent 1000-500-hPa thickness over the area and 
precipitable water values greater than 2.2 inches (5.6 cm), which allowed heavy rainfall 
to develop as a result of the elevated convection.  The cross section (Figure 5.2.6) also 
suggests that surface mixing ratios at the location were over 18 g kg
-1
, which coupled 
with significant vertical motion is thought to improve precipitation efficiency.   
70 
 
 
Figure 5.2.6. NARR cross-section through region, as seen on upper figure, from 0900Z on 25 August 
2005.  Parameters shown are equivalent potential temperature (purple, K), scalar normal isotachs 
(dashed, kts), ageostrophic circulation vectors (navy vectors, kts), and mixing ratio (color-filled, 
 g kg
-1
). 
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 The NARR sounding from the precipitation maximum location (Figure 5.2.7) 
shows a nocturnal inversion at the surface, a veering wind profile with height, and speed 
shear from the surface to 850 hPa.  Over 4000 J kg
-1
 of CAPE is found when lifting a 
parcel from 900 hPa, with no CIN to inhibit parcel ascent.   
 
Figure 5.2.7. NARR sounding from 0900Z on 25 August 2005, generated from the location of the 
rainfall maximum in the 3-hr accumulated precipitation field. 
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 A surface analysis from the Hydrometeorological Prediction Center at 0727Z 
(Figure 5.2.8) shows that during this event, a warm front was positioned north of the 
event location, with high pressure over the area.  It is apparent that, though there was no 
frontal boundary to the south of the event location, an outflow boundary is present, which 
most likely acted as the stable layer.  The low-level jet advected warmer, lower-θe air 
over the stable layer, and cooler westerly flow at 700 hPa steepened lapse rates above the 
low-level jet to destabilize the layer aloft. 
 
Figure 5.2.8. Surface analysis from the Hydrometeorological Prediction Center from 0727Z on 25 
August 2005. 
 
 This case looks very similar to the composite generated for the Wichita CWA, 
including the lack of a distinct frontal boundary south of the event location.  This implies 
that more of the heavy-rain-producing elevated thunderstorms in this region are not 
associated with frontal boundaries.   
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Chapter 6. Conclusions 
 
 The main objective of this study was to use composite analyses to evaluate the 
synoptic and mesoscale environments conducive for the development of heavy-rain-
producing elevated thunderstorms.  This was performed with a localized perspective, 
done by generating composites for five different National Weather Service CWAs made 
up of only events that occurred in that region.   
Once composites were created, certain forecast parameters stood out as key 
environmental indicators that portended the development of heavy convective rainfall 
over a low-level stable layer.  The results were fairly consistent with those found by 
Moore et al (2003), confirming their results with a larger dataset over a smaller 
geographical area.  The main ingredients that lead to the development of these storms 
included an upper-level jet to the northeast, with the event location in the right entrance 
region associated with divergence aloft and vertical ascent via the ageostrophic direct 
thermal circulation.  The event location sits along the nose of a southwesterly low-level 
jet, which advects moisture into an already very moist environment and provides low-
level forcing and vertical motion enhanced by the ascent provided by the upper-level jet.  
While the composite mean in these regions support the previous conclusion that the 
optimal place for heavy rainfall along the nose of the low-level jet is in the left-exit 
region, the spread shows disagreement between the events composited on the location of 
the low-level jet with respect to the event location.  
The low-level jet advects warmer, lower-θe parcels over the cooler stable layer 
near the surface, while cooler, higher-θe west-southwesterly flow at mid-levels (500 hPa) 
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helps to steepen lapse rates above the low-level jet, generating the needed elevated 
convective instability.  Ample environmental moisture was evident when looking at 
precipitable water values even 12 hours prior to the event.  Values greater than 1.4 inches 
(3.6 cm) were consistent in all composites 12 hours prior, with higher values advected in 
approaching the event, increasing to 1.6 inches (4.1 cm) (or 1.8 inches, 4.6 cm, in Kansas 
City) by the time of the event.  The nature of compositing smooths peak values, but 
looking at the two case studies, both had values greater than 2.0 inches (5.0 cm), with the 
25 August 2005 case having values greater than 2.2 inches (5.6 cm). 
The best forecasting parameters for elevated instability appear to be the K-index.  
K-index values of greater than 35 were consistent in all composites, with little spread in 
the magnitude or location.  MUCAPE has greater spread ahead 12 and six hours ahead of 
the event (>2000 Jkg
-1
), and at the event time the spread is still greater than the mean 
value (>1500 Jkg
-1
).    
While θe advection has significant disagreement between events composited on 
the location of the maximum, all the composites show that the maximum tends to be 
located over or just north of the event location.  Composite cross sections depict the 
ageostrophic circulations generated by the low-level and upper-level jets, with enhanced 
vertical motion between the two.  θe contours show the location of the stable layer and 
advection of lower-θe parcels over this layer by the low-level jet.   
These parameters were then used to analyze two different cases of elevated 
thunderstorms with heavy rainfall in two different CWAs.  The first case was associated 
with a frontal boundary in the Kansas City CWA.  The other case had a stable nocturnal 
boundary layer cutting off surface instability in the Wichita CWA.   
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The 16 July 2004 case was fairly consistent with the general conceptual model 
from the composite for Kansas City.  The orientation was the main difference, with a 
westerly low-level jet perpendicular to a north-south stationary frontal boundary, and the 
upper-level jet was oriented north-northwest to south-southeast to the east of the 
southeast of the region.  The event location was still positioned in the right-entrance 
region of the upper-level jet, though.  This case leads toward the conclusion that, though 
composite studies show that these events overall were more common upstream of an 
upper-level ridge, the low amplitude ridging may be the result of smoothing from events 
occurring both upstream and downstream of the ridge axis.  
The 25 August 2005 case lined up fairly well with the orientation and parameter 
maximum locations found on the Wichita composite.  Composite smoothing showed 
when looking at actual values from this significant case.  K-index values for this case 
were over 40, and MUCAPE was found to be over 3000 J kg
-1
 over the event location.  
The fact that a clear frontal boundary was not as distinct in the Wichita composite as well 
as in this study leads to the conclusion that many or most of the heavy-rain-producing 
events that occur in the Wichita CWA may not be associated with frontal low-level stable 
layers. This is also supported by weaker folding of θe contours in vertical cross-sections 
at the time of the event. While the other composite cross-sections have two or three 
contours that fold back on themselves, Wichita only has one contour that completely 
folds over, suggesting a weaker stable boundary layer at the surface. 
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6.1 Future Work 
 
 As mentioned in the beginning, this study lays the foundation for a larger research 
project sampling the environment of these heavy-rain-producing elevated thunderstorms 
over Colman’s (1990a) region of maximum elevated thunderstorm activity.  Forecasts are 
being made using the results from these composites and deployment locations are 
determined from these forecasts.   This tests whether this composite study will be helpful 
in forecasting these events by operational forecasters.   
 Improvements to this study could be made by stratifying events by orientation 
and/or frontal versus non-frontal.  Composites could then be made to find the average 
environmental conditions for different types of elevated convective systems which 
produce heavy rainfall.   
 There is a plan for the composites from this study to be put through software that 
will find analog events (events with similar environments to the composites), and find the 
parameters that differ between events that produce heavy rainfall and those that do not.  
This should prove very helpful in forecasting significant elevated convection events that 
produce heavy rainfall over the region in this study.   
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Appendix A.  Kansas City Composites 
Figures: 
A.1. Total Number of Events Per Month 
A.2. Total Number of Events at Each Time 
A.3-5.  250-hPa Geopotential Height, Isotachs, and Divergence 
A.6-8.  500-hPa Geopotential Height and Absolute Vorticity 
A.9-11.  850-hPa Geopotential Height and Isotachs 
A.12-14.  850-hPa θe Advection and 2-m θe 
A.15-17. MUCAPE and K-Index 
A.18-20. 1000-500-hPa Layer Thickness, Mean Sea-Level Pressure and Precipitable 
Water 
A.21-23. Mean Sea-Level Pressure and 1000-500-hPa Mean-Layer Relative Humidity 
A.24-26. 900-700-hPa Mean-Layer Mixing Ratio and 900-650-hPa Layer-Minimum 
Omega 
A.27-29. Cross-Sections of θe, Mixing Ratio, Ageostrophic Circulation, and Scalar-
Normal Wind 
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Table A-1.  Table listing all the cases used within the Kansas City composites including the event 
date, time (UTC), local precipitation maximum coordinate (Lat/Lon), accumulated precipitation over 
the next three hours (3-hr), and accumulated precipitation over the 24-hour period (1200Z-1200Z) 
starting on the event date (24-hr). 
Date Time Lat/Lon 3-hr 24-hr Date Time Lat/Lon 3-hr 24-hr 
05/18/81 06:00 39.35;-93.02 0.50 3.00 06/03/01 12:00 38.79;-94.94 1.28 2.50 
06/15/81 09:00 38.39;-93.96 1.08 2.00 06/06/01 03:00 38.99;-93.77 0.73 2.00 
07/23/81 06:00 39.46;-92.67 0.85 2.50 07/12/01 06:00 39.37;-94.39 1.27 2.00 
07/25/81 09:00 39.49;-92.96 0.85 2.00 07/25/01 06:00 39.68;-93.31 1.33 2.00 
07/26/81 12:00 39.29;-94.26 1.50 2.50 09/17/01 03:00 39.49;-94.49 1.00 2.00 
08/13/82 09:00 38.32;-94.24 1.50 2.50 05/12/02 03:00 40.06;-92.69 0.98 2.50 
08/26/82 12:00 39.92;-93.85 0.76 2.50 05/18/04 12:00 38.98;-94.63 1.11 2.50 
04/01/83 09:00 38.95;-94.51 1.08 2.00 07/16/04 09:00 39.14;-94.5 1.54 2.00 
05/01/83 06:00 38.78;-92.84 0.58 2.00 07/24/04 12:00 38.77;-95.00 1.00 2.00 
07/04/84 09:00 39.26;-94.14 1.41 2.50 08/04/04 09:00 38.94;-92.77 1.59 2.00 
09/14/84 09:00 38.89;-93.53 0.91 2.00 07/18/05 06:00 40.15;-95.31 1.18 2.00 
06/03/85 21:00 38.45;-94.76 0.65 2.00 05/06/07 12:00 39.81;-93.84 2.17 5.00 
09/21/85 00:00 39.86;-94.14 0.25 2.00 08/24/07 06:00 39.74;-94.79 2.12 3.00 
07/11/86 09:00 38.26;-94.72 1.59 2.00 07/25/08 06:00 40.19;-92.78 1.10 5.00 
09/11/86 03:00 39.61;-95.17 0.95 2.00 07/28/08 09:00 40.46;-93.67 1.00 2.00 
09/23/86 12:00 39.36;-92.65 1.15 2.50 09/12/08 12:00 38.94;-94.32 1.00 4.00 
07/07/87 12:00 40.00;-93.67 1.35 2.00 05/10/10 15:00 39.27;-94.19 0.63 2.00 
07/12/87 09:00 40.07;-93.31 1.06 2.00 06/08/10 12:00 40.19;-93.14 0.96 2.00 
09/16/88 09:00 39.70;-93.31 0.78 2.50 06/14/10 06:00 40.17;-93.64 1.07 2.00 
08/21/89 06:00 38.29;-93.61 1.25 2.00 07/20/10 06:00 40.48;-92.58 1.59 4.00 
08/28/89 12:00 40.33;-94.23 0.61 2.00 09/11/10 03:00 38.78;-93.03 1.49 2.00 
05/15/90 12:00 38.91;-92.81 1.32 3.00 09/15/10 12:00 38.32;-94.95 0.75 2.50 
07/11/91 03:00 40.28;-93.51 0.55 2.00      
07/23/93 12:00 40.42;-95.48 1.25 2.50      
09/22/93 09:00 39.71;-93.94 0.85 2.50      
04/28/94 06:00 38.37;-94.71 1.00 2.50 
05/16/95 12:00 38.71;-93.23 1.00 2.50 
05/23/95 12:00 39.71;-94.37 0.62 2.00 
07/04/95 09:00 40.39;-93.99 1.45 2.00 
07/20/95 09:00 39.00;-94.92 0.70 2.00 
05/27/96 06:00 39.81;-92.79 0.87 3.00 
07/21/96 03:00 38.85;-93.47 0.80 3.00 
08/19/97 09:00 38.17;-94.66 1.38 2.00 
07/30/98 09:00 39.18;-94.84 1.09 2.00 
09/13/98 12:00 38.86;-93.96 0.98 4.00 
09/28/99 06:00 39.90;-92.89 0.72 2.50 
06/24/00 06:00 40.10;-94.67 1.25 3.00 
08/20/00 03:00 39.98;-94.80 1.63 2.50 
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Figure A.1. Bar graph showing total number of events in the Kansas City county warning areas that 
occurred during each month.   
 
 
 
Figure A.2. Bar graph showing total number of events in the Kansas City county warning area that 
occurred at each event time.   
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Figure A.3. Kansas City composite for 12 
hours prior to the event showing 250-hPa: a) 
geopotential height (black, gpm), isotachs 
(color-filled, kts), and divergence (dashed, 
x10
-5
 s
-1
);  b) mean geopotential height 
(black, gpm) and 75-25 percentile mean 
spread (color-filled, gpm);  c) mean wind 
speed (black, kts) and 75-25 percentile mean 
spread (color-filled, kts); d) mean divergence 
(black, x10
-5
 s
-1
) and 75-25 percentile mean 
spread (color-filled, x10
-5
 s
-1
).  The star is 
located at the centroid of the CWA. 
 
a) 
b) c) 
d) 
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Figure A.4. Kansas City composite for 6 
hours prior to the event showing 250-hPa: a) 
geopotential height (black, gpm), isotachs 
(color-filled, kts), and divergence (dashed, 
x10
-5
 s
-1
);  b) mean geopotential height 
(black, gpm) and 75-25 percentile mean 
spread (color-filled, gpm);  c) mean wind 
speed (black, kts) and 75-25 percentile mean 
spread (color-filled, kts); d) mean divergence 
(black, x10
-5
 s
-1
) and 75-25 percentile mean 
spread (color-filled, x10
-5
 s
-1
).  The star is 
located at the centroid of the CWA. 
a) 
b) c) 
d) 
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Figure A.5. Kansas City composite for the 
event time showing 250-hPa: a) geopotential 
height (black, gpm), isotachs (color-filled, 
kts), and divergence (dashed, x10-5 s-1);  b) 
mean geopotential height (black, gpm) and 
75-25 percentile mean spread (color-filled, 
gpm);  c) mean wind speed (black, kts) and 
75-25 percentile mean spread (color-filled, 
kts); d) mean divergence (black, x10-5 s-1) 
and 75-25 percentile mean spread (color-
filled, x10-5 s-1).  The star is located at the 
centroid of the CWA. 
a) 
b) c) 
d) 
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Figure A.6. Kansas City composite for 12 hours prior to the event showing 500-hPa: a) 
geopotential height (black, gpm) and absolute vorticity (dashed, color-filled >9x10
-5
 s
-1
); b) mean 
geopotential height (black,gpm) and 75-25 percentile mean spread (color-filled, gpm); c) mean 
absolute vorticity (black, x10
-5
 s
-1
) and 75-25 percentile mean spread (color-filled, x10
-5
 s
-1
.  The 
star is located at the centroid of the CWA. 
a) 
b) c) 
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a) 
c) b) 
Figure A.7. Kansas City composite for 6 hours prior to the event showing 500-hPa: a) geopotential 
height (black, gpm) and absolute vorticity (dashed, color-filled >9x10
-5
 s
-1
); b) mean geopotential 
height (black,gpm) and 75-25 percentile mean spread (color-filled, gpm); c) mean absolute 
vorticity (black, x10
-5
 s
-1
) and 75-25 percentile mean spread (color-filled, x10
-5
 s
-1
.  The star is 
located at the centroid of the CWA. 
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a) 
c) b) 
Figure A.8. Kansas City composite for the event time showing 500-hPa: a) geopotential height 
(black, gpm) and absolute vorticity (dashed, color-filled >9x10
-5
 s
-1
); b) mean geopotential height 
(black,gpm) and 75-25 percentile mean spread (color-filled, gpm); c) mean absolute vorticity 
(black, x10
-5
 s
-1
) and 75-25 percentile mean spread (color-filled, x10
-5
 s
-1
).  The star is located at the 
centroid of the CWA. 
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a) 
c) 
Figure A.9. Kansas City composite for 12 hours prior to the event showing 850-hPa: a) 
geopotential height (black, gpm) and isotachs >20 kts (color-filled); b) mean geopotential height 
(black,gpm) and 75-25 percentile mean spread (color-filled, kts); c) mean isotachs >20 kts (black) 
and 75-25 percentile mean spread (color-filled, kts).  The star is located at the centroid of the 
CWA. 
b) 
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a) 
c) 
Figure A.10. Kansas City composite for 6 hours prior to the event showing 850-hPa: a) 
geopotential height (black, gpm) and isotachs >20 kts (color-filled); b) mean geopotential height 
(black,gpm) and 75-25 percentile mean spread (color-filled, kts); c) mean isotachs >20 kts (black) 
and 75-25 percentile mean spread (color-filled, kts).  The star is located at the centroid of the 
CWA. 
b) 
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a) 
c) 
Figure A.11. Kansas City composite for the event time showing 850-hPa: a) geopotential height 
(black, gpm) and isotachs >20 kts (color-filled); b) mean geopotential height (black,gpm) and 75-
25 percentile mean spread (color-filled, kts); c) mean isotachs >20 kts (black) and 75-25 percentile 
mean spread (color-filled, kts).  The star is located at the centroid of the CWA. 
b) 
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a) 
c) 
Figure A.12.  Kansas City composite for 12 hours prior to the event showing 850-hPa: a) 
equivalent potential temperature advection (color-filled, K (3h)
-1
) and 2-m equivalent potential 
temperature (brown, K); b) mean equivalent potential temperature advection (black, K(3h)
-1
 and 
75-25 percentile mean spread (color-filled, K (3h)
-1
); c) mean 2-m equivalent potential 
temperature (black, K) and 75-25 percentile mean spread (color-filled, K).  The star is located at 
the centroid of the CWA. 
 
b) 
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a) 
c) 
Figure A.13.  Kansas City composite for 6 hours prior to the event showing 850-hPa: a) equivalent 
potential temperature advection (color-filled, K (3h)
-1
) and 2-m equivalent potential temperature 
(brown, K); b) mean equivalent potential temperature advection (black, K(3h)
-1
) and 75-25 
percentile mean spread (color-filled, K (3h)
-1
); c) mean 2-m equivalent potential temperature 
(black, K) and 75-25 percentile mean spread (color-filled, K).  The star is located at the centroid of 
the CWA. 
b) 
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a) 
c) 
Figure A.14. Kansas City composite for the event time showing 850-hPa: a) equivalent potential 
temperature advection (color-filled, K (3h)
-1
) and 2-m equivalent potential temperature (brown, 
K); b) mean equivalent potential temperature advection (black, K(3h)
-1
) and 75-25 percentile 
mean spread (color-filled, K (3h)
-1
); c) mean 2-m equivalent potential temperature (black, K) and 
75-25 percentile mean spread (color-filled, K).  The star is located at the centroid of the CWA. 
b) 
92 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a) 
c) 
Figure A.15.  Kansas City composite for 12 hours prior to the event showing: a) most-unstable 
CAPE (color-filled, J kg-1) and K-index (purple); b) mean most-unstable CAPE (black, J kg-1) and 
75-25 percentile mean spread (color-filled, J kg-1); c) mean K-index (black) and 75-25 percentile 
mean spread (color-filled).  The star is located at the centroid of the CWA. 
b) 
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a) 
c) 
Figure A.16. Kansas City composite for 6 hours prior to the event showing: a) most-unstable CAPE 
(color-filled, J kg
-1
) and K-index (purple); b) mean most-unstable CAPE (black, J kg
-1
) and 75-25 
percentile mean spread (color-filled, J kg
-1
); c) mean K-index (black) and 75-25 percentile mean 
spread (color-filled).  The star is located at the centroid of the CWA. 
b) 
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a) 
c) 
Figure A.17. Kansas City composite for the event time showing: a) most-unstable CAPE (color-
filled, J kg
-1
) and K-index (purple); b) mean most-unstable CAPE (black, J kg
-1
) and 75-25 
percentile mean spread (color-filled, J kg
-1
); c) mean K-index (black) and 75-25 percentile mean 
spread (color-filled).  The star is located at the centroid of the CWA. 
b) 
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Figure A.18. Kansas City composite for 12 
hours prior to the event showing: a) average 
mean sea-level pressure (black, hPa), 1000-
500-hPa layer thickness (dashed, dkm), and 
precipitable water (color-filled, in); b) 
average mean sea-level pressure (black, hPa) 
and 75-25 percentile spread (color-filled, 
hPa);  c) mean thickness (black, dkm) and 
75-25 percentile spread (color-filled, kts); d) 
mean precipitable water (black, in) and 75-
25 percentile spread (color-filled, in).  The 
star is located at the centroid of the CWA. 
a) 
b) c) 
d) 
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Figure A.19. Kansas City composite for 6 
hours prior to the event showing: a) average 
mean sea-level pressure (black, hPa), 1000-
500-hPa layer thickness (dashed, dkm), and 
precipitable water (color-filled, in); b) 
average mean sea-level pressure (black, hPa) 
and 75-25 percentile spread (color-filled, 
hPa);  c) mean thickness (black, dkm) and 
75-25 percentile spread (color-filled, kts); d) 
mean precipitable water (black, in) and 75-
25 percentile spread (color-filled, in).  The 
star is located at the centroid of the CWA. 
a) 
b) c) 
d) 
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Figure A.20. Kansas City composite for the 
event time showing: a) average mean sea-
level pressure (black, hPa), 1000-500-hPa 
layer thickness (dashed, dkm), and 
precipitable water (color-filled, in); b) 
average mean sea-level pressure (black, hPa) 
and 75-25 percentile spread (color-filled, 
hPa);  c) mean thickness (black, dkm) and 
75-25 percentile spread (color-filled, kts); d) 
mean precipitable water (black, in) and 75-
25 percentile spread (color-filled, in).  The 
star is located at the centroid of the CWA. 
 
a) 
b) c) 
d) 
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Figure A.21. Kansas City composite for 12 hours prior to the event showing 1000-500-hPa mean-
layer relative humidity (color-filled >70%) and mean sea-level pressure (black, hPa).  The star is 
located at the centroid of the CWA. 
 
Figure A.22. Kansas City composite for 6 hours prior to the event showing 1000-500-hPa mean-layer 
relative humidity (color-filled >70%) and mean sea-level pressure (black, hPa).  The star is located at 
the centroid of the CWA. 
 
Figure A.23. Kansas City composite for the event time showing 1000-500-hPa mean-layer relative 
humidity (color-filled >70%) and mean sea-level pressure (black, hPa).  The star is located at the 
centroid of the CWA. 
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Figure A.24. Kansas City composite for 12 hours prior to the event showing 900-700-hPa mean-layer 
mixing ratio (color-filled, g kg
-1
) and 900-650-hPa layer-minimum omega (dashed, μb s-1).  The star is 
located at the centroid of the CWA. 
 
Figure A.25. Kansas City composite for 6 hours prior to the event showing 900-700-hPa mean-layer 
mixing ratio (color-filled, g kg
-1
) and 900-650-hPa layer-minimum omega (dashed, μb s-1).  The star is 
located at the centroid of the CWA. 
 
Figure A.26. Kansas City composite for the event time showing 900-700-hPa mean-layer mixing ratio 
(color-filled, g kg
-1
) and 900-650-hPa layer-minimum omega (dashed, μb s-1).  The star is located at 
the centroid of the CWA. 
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Figure A.27. Kansas City composite cross-section 12 hours prior to the event, through the region as 
seen on the upper figure.  Parameters shown are equivalent potential temperature (purple, K), scalar 
normal isotachs (dashed, kts), ageostrophic circulation vectors (navy vectors, kts), and mixing ratio 
(color-filled, g kg
-1
). 
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Figure A.28. Kansas City composite cross-section 6 hours prior to the event, through the region as 
seen on the upper figure.  Parameters shown are equivalent potential temperature (purple, K), scalar 
normal isotachs (dashed, kts), ageostrophic circulation vectors (navy vectors, kts), and mixing ratio 
(color-filled, g kg
-1
). 
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Figure A.29. Kansas City composite cross-section for the event time, through the region as seen on 
the upper figure.  Parameters shown are equivalent potential temperature (purple, K), scalar normal 
isotachs (dashed, kts), ageostrophic circulation vectors (navy vectors, kts), and mixing ratio (color-
filled, g kg
-1
). 
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Appendix B.  Topeka Composites 
Figures: 
B.1. Total Number of Events Per Month 
B.2. Total Number of Events at Each Time 
B.3-5.  250-hPa Geopotential Height, Isotachs, and Divergence 
B.6-8.  500-hPa Geopotential Height and Absolute Vorticity 
B.9-11.  850-hPa Geopotential Height and Isotachs 
B.12-14.  850-hPa θe Advection and 2-m θe 
B.15-17. MUCAPE and K-Index 
B.18-20. 1000-500-hPa Layer Thickness, Mean Sea-Level Pressure and Precipitable 
Water 
B.21-23. Mean Sea-Level Pressure and 1000-500-hPa Mean-Layer Relative Humidity 
B.24-26. 900-700-hPa Mean-Layer Mixing Ratio and 900-650-hPa Layer-Minimum 
Omega 
B.27-29. Cross-Sections of θe, Mixing Ratio, Ageostrophic Circulation, and Scalar-
Normal Wind 
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Table B-1.  Table listing all the cases used within the Topeka composites including the event date, 
time (UTC), local precipitation maximum coordinate (Lat/Lon), accumulated precipitation over the 
next three hours (3-hr), and accumulated precipitation over the 24-hour period (1200Z-1200Z) 
starting on the event date (24-hr). 
Dates Time Lat/Lon 3-hr  24-hr  Dates Time Lat/Lon 3-hr 24-hr 
05/18/81 03:00 38.29;-95.32 1.29 2.50 04/26/09 12:00 39.81;-96.35 1.47 3.00 
06/27/81 09:00 38.28;-96.25 1.00 2.00 06/16/09 00:00 38.40;-96.27 1.25 3.00 
07/26/81 12:00 39.26;-95.63 1.72 3.00 06/09/10 00:00 38.24;-95.56 0.87 3.00 
08/13/82 06:00 39.93;-95.64 0.83 2.50 09/15/10 12:00 38.34;-95.44 0.98 3.00 
06/09/84 09:00 39.66;-96.35 1.51 3.00 06/02/11 06:00 39.30;-96.39 0.96 4.00 
08/04/85 06:00 38.67;-96.48 1.08 2.00 09/18/11 06:00 38.63;-96.87 0.75 2.00 
09/21/85 00:00 38.77;-96.68 0.52 2.50 06/21/12 03:00 38.95;-96.45 1.12 2.00 
05/16/86 12:00 39.48;-96.11 0.97 2.00 
07/06/86 06:00 39.64;-96.99 1.02 2.50 
09/29/86 09:00 39.85;-96.84 0.90 2.50 
04/01/88 09:00 38.20;-95.26 0.50 2.50 
06/30/88 06:00 39.87;-97.04 1.27 2.50 
07/30/92 06:00 39.97;-95.51 1.50 2.00 
07/01/93 00:00 39.80;-96.13 1.00 2.00 
07/05/93 06:00 39.78;-96.30 1.25 3.00 
07/06/93 15:00 38.24;-95.47 1.53 2.00 
07/18/93 09:00 38.96;-96.67 1.28 2.50 
04/28/94 06:00 38.32;-95.42 1.00 3.00 
05/07/95 18:00 39.05;-97.57 1.06 2.00 
05/12/95 12:00 39.57;-97.15 0.94 2.00 
05/17/95 09:00 38.82;-96.04 0.50 2.00 
07/20/95 03:00 39.10;-95.31 0.78 2.00 
08/15/95 00:00 39.45;-95.88 0.89 2.50 
09/19/95 06:00 39.64;-96.00 0.79 2.00 
06/01/96 06:00 38.69;-97.23 0.89 2.50 
06/06/96 06:00 39.09;-95.30 1.56 2.50 
08/17/96 00:00 38.17;-95.31 1.01 2.00 
06/30/98 06:00 38.19;-95.50 1.36 2.50 
07/30/98 09:00 39.10;-95.31 0.75 2.00 
09/13/98 18:00 38.16;-95.22 0.50 3.00 
05/23/99 03:00 38.89;-96.99 0.94 2.00 
06/27/99 12:00 39.57;-95.71 1.12 2.50 
09/27/99 06:00 38.86;-95.80 0.75 2.00 
06/20/00 06:00 39.44;-96.40 1.19 2.00 
06/24/00 06:00 39.83;-95.67 1.25 3.00 
06/03/01 12:00 39.06;-95.39 1.00 2.00 
08/24/01 03:00 39.22;-97.12 1.12 2.00 
09/18/01 06:00 38.73;-97.32 1.00 3.00 
08/31/03 03:00 38.76;-95.34 1.19 4.00 
06/03/05 12:00 38.79;-96.72 1.39 3.00 
08/26/06 03:00 39.29;-95.28 1.25 2.00 
05/07/07 06:00 38.72;-95.44 1.25 4.00 
06/30/07 12:00 38.51;-95.67 1.83 4.00 
08/09/08 12:00 38.88;-96.57 1.10 2.50 
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Figure B.1. Bar graph showing total number of events in the Topeka county warning areas that 
occurred during each month.   
 
 
 
Figure B.2. Bar graph showing total number of events in the Topeka county warning area that 
occurred at each event time.   
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Figure B.3. Topeka composite for 12 hours 
prior to the event showing 250-hPa: a) 
geopotential height (black, gpm), isotachs 
(color-filled, kts), and divergence (dashed, 
x10
-5
 s
-1
);  b) mean geopotential height 
(black, gpm) and 75-25 percentile mean 
spread (color-filled, gpm);  c) mean wind 
speed (black, kts) and 75-25 percentile mean 
spread (color-filled, kts); d) mean divergence 
(black, x10
-5
 s
-1
) and 75-25 percentile mean 
spread (color-filled, x10
-5
 s
-1
).  The star is 
located at the centroid of the CWA. 
 
a) 
b) c) 
d) 
107 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.4. Topeka composite for 6 hours 
prior to the event showing 250-hPa: a) 
geopotential height (black, gpm), isotachs 
(color-filled, kts), and divergence (dashed, 
x10
-5
 s
-1
);  b) mean geopotential height 
(black, gpm) and 75-25 percentile mean 
spread (color-filled, gpm);  c) mean wind 
speed (black, kts) and 75-25 percentile mean 
spread (color-filled, kts); d) mean divergence 
(black, x10
-5
 s
-1
) and 75-25 percentile mean 
spread (color-filled, x10
-5
 s
-1
).  The star is 
located at the centroid of the CWA. 
a) 
b) c) 
d) 
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Figure B.5. Topeka composite for the event 
time showing 250-hPa: a) geopotential height 
(black, gpm), isotachs (color-filled, kts), and 
divergence (dashed, x10-5 s-1);  b) mean 
geopotential height (black, gpm) and 75-25 
percentile mean spread (color-filled, gpm);  
c) mean wind speed (black, kts) and 75-25 
percentile mean spread (color-filled, kts); d) 
mean divergence (black, x10-5 s-1) and 75-25 
percentile mean spread (color-filled, x10-5 s-
1).  The star is located at the centroid of the 
CWA. 
a) 
b) c) 
d) 
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Figure B.6. Topeka composite for 12 hours prior to the event showing 500-hPa: a) geopotential 
height (black, gpm) and absolute vorticity (dashed, color-filled >9x10
-5
 s
-1
); b) mean geopotential 
height (black,gpm) and 75-25 percentile mean spread (color-filled, gpm); c) mean absolute 
vorticity (black, x10
-5
 s
-1
) and 75-25 percentile mean spread (color-filled, x10
-5
 s
-1
.  The star is 
located at the centroid of the CWA. 
a) 
b) c) 
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a) 
c) b) 
Figure B.7. Topeka composite for 6 hours prior to the event showing 500-hPa: a) geopotential 
height (black, gpm) and absolute vorticity (dashed, color-filled >9x10
-5
 s
-1
); b) mean geopotential 
height (black,gpm) and 75-25 percentile mean spread (color-filled, gpm); c) mean absolute 
vorticity (black, x10
-5
 s
-1
) and 75-25 percentile mean spread (color-filled, x10
-5
 s
-1
.  The star is 
located at the centroid of the CWA. 
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a) 
c) b) 
Figure B.8. Topeka composite for the event time showing 500-hPa: a) geopotential height (black, 
gpm) and absolute vorticity (dashed, color-filled >9x10
-5
 s
-1
); b) mean geopotential height 
(black,gpm) and 75-25 percentile mean spread (color-filled, gpm); c) mean absolute vorticity 
(black, x10
-5
 s
-1
) and 75-25 percentile mean spread (color-filled, x10
-5
 s
-1
).  The star is located at the 
centroid of the CWA. 
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a) 
c) 
Figure B.9. Topeka composite for 12 hours prior to the event showing 850-hPa: a) geopotential 
height (black, gpm) and isotachs >20 kts (color-filled); b) mean geopotential height (black,gpm) 
and 75-25 percentile mean spread (color-filled, kts); c) mean isotachs >20 kts (black) and 75-25 
percentile mean spread (color-filled, kts).  The star is located at the centroid of the CWA. 
b) 
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a) 
c) 
Figure B.10. Topeka composite for 6 hours prior to the event showing 850-hPa: a) geopotential 
height (black, gpm) and isotachs >20 kts (color-filled); b) mean geopotential height (black,gpm) 
and 75-25 percentile mean spread (color-filled, kts); c) mean isotachs >20 kts (black) and 75-25 
percentile mean spread (color-filled, kts).  The star is located at the centroid of the CWA. 
b) 
114 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a) 
c) 
Figure B.11. Topeka composite for the event time showing 850-hPa: a) geopotential height (black, 
gpm) and isotachs >20 kts (color-filled); b) mean geopotential height (black,gpm) and 75-25 
percentile mean spread (color-filled, kts); c) mean isotachs >20 kts (black) and 75-25 percentile 
mean spread (color-filled, kts).  The star is located at the centroid of the CWA. 
b) 
115 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a) 
c) 
Figure B.12.  Topeka composite for 12 hours prior to the event showing 850-hPa: a) equivalent 
potential temperature advection (color-filled, K (3h)
-1
) and 2-m equivalent potential temperature 
(brown, K); b) mean equivalent potential temperature advection (black, K(3h)
-1
 and 75-25 
percentile mean spread (color-filled, K (3h)
-1
); c) mean 2-m equivalent potential temperature 
(black, K) and 75-25 percentile mean spread (color-filled, K).  The star is located at the centroid of 
the CWA. 
 
b) 
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a) 
c) 
Figure B.13.  Topeka composite for 6 hours prior to the event showing 850-hPa: a) equivalent 
potential temperature advection (color-filled, K (3h)
-1
) and 2-m equivalent potential temperature 
(brown, K); b) mean equivalent potential temperature advection (black, K(3h)
-1
) and 75-25 
percentile mean spread (color-filled, K (3h)
-1
); c) mean 2-m equivalent potential temperature 
(black, K) and 75-25 percentile mean spread (color-filled, K).  The star is located at the centroid of 
the CWA. 
b) 
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a) 
c) 
Figure B.14. Topeka composite for the event time showing 850-hPa: a) equivalent potential 
temperature advection (color-filled, K (3h)
-1
) and 2-m equivalent potential temperature (brown, 
K); b) mean equivalent potential temperature advection (black, K(3h)
-1
) and 75-25 percentile 
mean spread (color-filled, K (3h)
-1
); c) mean 2-m equivalent potential temperature (black, K) and 
75-25 percentile mean spread (color-filled, K).  The star is located at the centroid of the CWA. 
b) 
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a) 
c) 
Figure B.15.  Topeka composite for 12 hours prior to the event showing: a) most-unstable CAPE 
(color-filled, J kg-1) and K-index (purple); b) mean most-unstable CAPE (black, J kg-1) and 75-25 
percentile mean spread (color-filled, J kg-1); c) mean K-index (black) and 75-25 percentile mean 
spread (color-filled).  The star is located at the centroid of the CWA. 
b) 
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a) 
c) 
Figure B.16. Topeka composite for 6 hours prior to the event showing: a) most-unstable CAPE 
(color-filled, J kg
-1
) and K-index (purple); b) mean most-unstable CAPE (black, J kg
-1
) and 75-25 
percentile mean spread (color-filled, J kg
-1
); c) mean K-index (black) and 75-25 percentile mean 
spread (color-filled).  The star is located at the centroid of the CWA. 
b) 
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a) 
c) 
Figure B.17. Topeka composite for the event time showing: a) most-unstable CAPE (color-filled, J 
kg
-1
) and K-index (purple); b) mean most-unstable CAPE (black, J kg
-1
) and 75-25 percentile mean 
spread (color-filled, J kg
-1
); c) mean K-index (black) and 75-25 percentile mean spread (color-
filled).  The star is located at the centroid of the CWA. 
b) 
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Figure B.18. Topeka composite for 12 hours 
prior to the event showing: a) average mean 
sea-level pressure (black, hPa), 1000-500-hPa 
layer thickness (dashed, dkm), and 
precipitable water (color-filled, in); b) 
average mean sea-level pressure (black, hPa) 
and 75-25 percentile spread (color-filled, 
hPa);  c) mean thickness (black, dkm) and 
75-25 percentile spread (color-filled, kts); d) 
mean precipitable water (black, in) and 75-
25 percentile spread (color-filled, in).  The 
star is located at the centroid of the CWA. 
a) 
b) c) 
d) 
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Figure B.19. Topeka composite for 6 hours 
prior to the event showing: a) average mean 
sea-level pressure (black, hPa), 1000-500-hPa 
layer thickness (dashed, dkm), and 
precipitable water (color-filled, in); b) 
average mean sea-level pressure (black, hPa) 
and 75-25 percentile spread (color-filled, 
hPa);  c) mean thickness (black, dkm) and 
75-25 percentile spread (color-filled, kts); d) 
mean precipitable water (black, in) and 75-
25 percentile spread (color-filled, in).  The 
star is located at the centroid of the CWA. 
a) 
b) c) 
d) 
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Figure B.20. Topeka composite for the event 
time showing: a) average mean sea-level 
pressure (black, hPa), 1000-500-hPa layer 
thickness (dashed, dkm), and precipitable 
water (color-filled, in); b) average mean sea-
level pressure (black, hPa) and 75-25 
percentile spread (color-filled, hPa);  c) mean 
thickness (black, dkm) and 75-25 percentile 
spread (color-filled, kts); d) mean 
precipitable water (black, in) and 75-25 
percentile spread (color-filled, in).  The star 
is located at the centroid of the CWA. 
 
a) 
b) c) 
d) 
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Figure B.21. Topeka composite for 12 hours prior to the event showing 1000-500-hPa mean-layer 
relative humidity (color-filled >70%) and mean sea-level pressure (black, hPa).  The star is located at 
the centroid of the CWA. 
 
Figure B.22. Topeka composite for 6 hours prior to the event showing 1000-500-hPa mean-layer 
relative humidity (color-filled >70%) and mean sea-level pressure (black, hPa).  The star is located at 
the centroid of the CWA. 
 
Figure B.23. Topeka composite for the event time showing 1000-500-hPa mean-layer relative 
humidity (color-filled >70%) and mean sea-level pressure (black, hPa).  The star is located at the 
centroid of the CWA. 
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Figure B.24. Topeka composite for 12 hours prior to the event showing 900-700-hPa mean-layer 
mixing ratio (color-filled, g kg
-1
) and 900-650-hPa layer-minimum omega (dashed, μb s-1).  The star is 
located at the centroid of the CWA. 
 
Figure B.25. Topeka composite for 6 hours prior to the event showing 900-700-hPa mean-layer 
mixing ratio (color-filled, g kg
-1
) and 900-650-hPa layer-minimum omega (dashed, μb s-1).  The star is 
located at the centroid of the CWA. 
 
Figure B.26. Topeka composite for the event time showing 900-700-hPa mean-layer mixing ratio 
(color-filled, g kg
-1
) and 900-650-hPa layer-minimum omega (dashed, μb s-1).  The star is located at 
the centroid of the CWA. 
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Figure B.27. Topeka composite cross-section 12 hours prior to the event, through the region as seen 
on the upper figure.  Parameters shown are equivalent potential temperature (purple, K), scalar 
normal isotachs (dashed, kts), ageostrophic circulation vectors (navy vectors, kts), and mixing ratio 
(color-filled, g kg
-1
). 
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Figure B.28. Topeka composite cross-section 6 hours prior to the event, through the region as seen on 
the upper figure.  Parameters shown are equivalent potential temperature (purple, K), scalar normal 
isotachs (dashed, kts), ageostrophic circulation vectors (navy vectors, kts), and mixing ratio (color-
filled, g kg
-1
). 
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Figure B.29. Topeka composite cross-section for the event time, through the region as seen on the 
upper figure.  Parameters shown are equivalent potential temperature (purple, K), scalar normal 
isotachs (dashed, kts), ageostrophic circulation vectors (navy vectors, kts), and mixing ratio (color-
filled, g kg
-1
). 
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Appendix C.  Wichita Composites 
Figures: 
C.1. Total Number of Events Per Month 
C.2. Total Number of Events at Each Time 
C.3-5.  250-hPa Geopotential Height, Isotachs, and Divergence 
C.6-8.  500-hPa Geopotential Height and Absolute Vorticity 
C.9-11.  850-hPa Geopotential Height and Isotachs 
C.12-14.  850-hPa θe Advection and 2-m θe 
C.15-17. MUCAPE and K-Index 
C.18-20. 1000-500-hPa Layer Thickness, Mean Sea-Level Pressure and Precipitable 
Water 
C.21-23. Mean Sea-Level Pressure and 1000-500-hPa Mean-Layer Relative Humidity 
C.24-26. 900-700-hPa Mean-Layer Mixing Ratio and 900-650-hPa Layer-Minimum 
Omega 
C.27-29. Cross-Sections of θe, Mixing Ratio, Ageostrophic Circulation, and Scalar-
Normal Wind 
 
 
 
 
 
130 
 
Table C-1.  Table listing all the cases used within the Wichita composites including the event date, 
time (UTC), local precipitation maximum coordinate (Lat/Lon), accumulated precipitation over the 
next three hours (3-hr), and accumulated precipitation over the 24-hour period (1200Z-1200Z) 
starting on the event date (24-hr). 
Dates Time Lat/Lon 3-hr 24-hr Dates Time Lat/Lon 3-hr 24-hr 
07/05/79 03:00 38.93;-97.62 1.41 2.00 08/25/05 09:00 37.76;-96.35 1.90 4.00 
08/06/80 09:00 38.42;-97.36 1.07 2.50 06/22/06 03:00 38.77;-97.60 1.37 2.00 
06/27/81 09:00 38.36;-96.45 0.75 2.00 06/01/07 06:00 37.56;-96.47 1.64 2.00 
05/12/82 03:00 38.50;-96.42 0.75 2.50 06/11/07 09:00 37.08;-95.96 1.25 3.00 
06/04/85 03:00 38.34;-96.76 0.94 3.00 06/30/07 12:00 37.95;-95.49 1.50 4.00 
08/04/85 06:00 37.66;-97.38 0.97 2.00 06/13/08 09:00 37.29;-95.25 1.32 2.00 
08/14/85 09:00 37.08;-97.07 1.25 2.00 08/10/08 06:00 37.15;-96.05 0.75 3.00 
08/22/85 06:00 37.87;-95.89 1.25 3.00 09/12/08 06:00 37.53;-97.07 1.66 3.00 
09/29/86 09:00 39.16;-98.28 0.75 2.50 06/10/09 00:00 37.39;-95.48 1.27 2.50 
09/30/86 06:00 37.08;-96.68 0.75 4.00 05/25/10 06:00 37.37;-98.09 0.84 2.00 
05/27/87 03:00 37.34;-96.92 1.03 2.50  
08/13/87 06:00 37.94;-95.79 1.25 2.50 
09/28/87 06:00 37.17;-98.00 1.22 2.00 
05/22/89 06:00 37.89;-97.11 1.40 2.00 
06/11/89 09:00 37.06;-95.80 0.89 2.50 
08/19/89 12:00 37.13;-95.25 1.00 2.00 
05/08/93 03:00 38.50;-97.37 1.54 2.00 
05/09/93 03:00 37.13;-95.29 1.00 2.50 
06/23/93 09:00 38.90;-98.21 1.65 2.00 
07/18/93 09:00 38.02;-97.86 1.31 2.00 
09/24/93 12:00 37.32;-95.11 1.25 2.00 
04/28/94 06:00 37.94;-95.19 1.00 3.00 
08/26/94 09:00 37.82;-95.77 1.68 2.00 
05/17/95 12:00 37.63;-95.88 1.38 2.00 
06/09/95 06:00 37.08;-95.64 1.16 3.00 
04/28/96 09:00 37.26;-95.98 1.00 2.00 
05/26/96 09:00 38.50;-97.25 1.44 2.00 
06/01/96 06:00 38.58;-97.24 0.75 2.00 
08/10/96 12:00 37.91;-96.95 1.17 2.00 
08/17/96 00:00 37.96;-95.19 0.75 2.00 
09/26/96 06:00 37.05;-97.55 1.25 2.50 
07/09/97 06:00 37.85;-95.16 1.00 2.00 
06/30/98 06:00 38.02;-95.39 1.00 2.50 
09/13/98 12:00 37.41;-96.03 1.00 4.00 
05/09/00 09:00 37.07;-95.65 1.25 2.50 
06/14/00 09:00 37.52;-96.98 1.79 2.50 
06/26/00 09:00 37.68;-95.92 1.09 2.50 
06/21/01 09:00 37.04;-95.11 1.00 2.50 
08/24/01 03:00 38.80;-97.44 0.75 2.00 
09/18/01 06:00 37.81;-96.90 1.39 3.00 
05/24/02 09:00 37.29;-96.46 1.32 2.00 
06/06/03 03:00 37.69;-95.35 1.41 2.00 
08/29/03 06:00 37.13;-95.27 1.47 3.00 
04/24/04 00:00 37.37;-95.39 0.95 2.50 
05/13/04 09:00 37.57;-97.14 1.39 2.50 
06/15/04 09:00 38.42;-96.53 1.70 2.00 
07/23/04 09:00 37.68;-97.33 1.43 2.00 
05/13/05 06:00 38.08;-96.55 1.52 3.00 
05/23/05 03:00 37.48;-96.64 1.14 2.00 
07/04/05 06:00 37.29;-98.03 1.80 3.00 
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Figure C.1. Bar graph showing total number of events in the Wichita county warning areas that 
occurred during each month.   
 
 
 
Figure C.2. Bar graph showing total number of events in the Wichita county warning area that 
occurred at each event time.   
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Figure C.3. Wichita composite for 12 hours 
prior to the event showing 250-hPa: a) 
geopotential height (black, gpm), isotachs 
(color-filled, kts), and divergence (dashed, 
x10
-5
 s
-1
);  b) mean geopotential height 
(black, gpm) and 75-25 percentile mean 
spread (color-filled, gpm);  c) mean wind 
speed (black, kts) and 75-25 percentile mean 
spread (color-filled, kts); d) mean divergence 
(black, x10
-5
 s
-1
) and 75-25 percentile mean 
spread (color-filled, x10
-5
 s
-1
).  The star is 
located at the centroid of the CWA. 
 
a) 
b) c) 
d) 
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Figure C.4. Wichita composite for 6 hours 
prior to the event showing 250-hPa: a) 
geopotential height (black, gpm), isotachs 
(color-filled, kts), and divergence (dashed, 
x10
-5
 s
-1
);  b) mean geopotential height 
(black, gpm) and 75-25 percentile mean 
spread (color-filled, gpm);  c) mean wind 
speed (black, kts) and 75-25 percentile mean 
spread (color-filled, kts); d) mean divergence 
(black, x10
-5
 s
-1
) and 75-25 percentile mean 
spread (color-filled, x10
-5
 s
-1
).  The star is 
located at the centroid of the CWA. 
a) 
b) c) 
d) 
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Figure C.5. Wichita composite for the event 
time showing 250-hPa: a) geopotential height 
(black, gpm), isotachs (color-filled, kts), and 
divergence (dashed, x10-5 s-1);  b) mean 
geopotential height (black, gpm) and 75-25 
percentile mean spread (color-filled, gpm);  
c) mean wind speed (black, kts) and 75-25 
percentile mean spread (color-filled, kts); d) 
mean divergence (black, x10-5 s-1) and 75-25 
percentile mean spread (color-filled, x10-5 s-
1).  The star is located at the centroid of the 
CWA. 
a) 
b) c) 
d) 
135 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure C.6. Wichita composite for 12 hours prior to the event showing 500-hPa: a) geopotential 
height (black, gpm) and absolute vorticity (dashed, color-filled >9x10
-5
 s
-1
); b) mean geopotential 
height (black,gpm) and 75-25 percentile mean spread (color-filled, gpm); c) mean absolute 
vorticity (black, x10
-5
 s
-1
) and 75-25 percentile mean spread (color-filled, x10
-5
 s
-1
.  The star is 
located at the centroid of the CWA. 
a) 
b) c) 
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a) 
c) b) 
Figure C.7. Wichita composite for 6 hours prior to the event showing 500-hPa: a) geopotential 
height (black, gpm) and absolute vorticity (dashed, color-filled >9x10
-5
 s
-1
); b) mean geopotential 
height (black,gpm) and 75-25 percentile mean spread (color-filled, gpm); c) mean absolute 
vorticity (black, x10
-5
 s
-1
) and 75-25 percentile mean spread (color-filled, x10
-5
 s
-1
.  The star is 
located at the centroid of the CWA. 
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a) 
c) b) 
Figure C.8. Wichita composite for the event time showing 500-hPa: a) geopotential height (black, 
gpm) and absolute vorticity (dashed, color-filled >9x10
-5
 s
-1
); b) mean geopotential height 
(black,gpm) and 75-25 percentile mean spread (color-filled, gpm); c) mean absolute vorticity 
(black, x10
-5
 s
-1
) and 75-25 percentile mean spread (color-filled, x10
-5
 s
-1
).  The star is located at the 
centroid of the CWA. 
138 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a) 
c) 
Figure C.9. Wichita composite for 12 hours prior to the event showing 850-hPa: a) geopotential 
height (black, gpm) and isotachs >20 kts (color-filled); b) mean geopotential height (black,gpm) 
and 75-25 percentile mean spread (color-filled, kts); c) mean isotachs >20 kts (black) and 75-25 
percentile mean spread (color-filled, kts).  The star is located at the centroid of the CWA. 
b) 
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a) 
c) 
Figure C.10. Wichita composite for 6 hours prior to the event showing 850-hPa: a) geopotential 
height (black, gpm) and isotachs >20 kts (color-filled); b) mean geopotential height (black,gpm) 
and 75-25 percentile mean spread (color-filled, kts); c) mean isotachs >20 kts (black) and 75-25 
percentile mean spread (color-filled, kts).  The star is located at the centroid of the CWA. 
b) 
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a) 
c) 
Figure C.11. Wichita composite for the event time showing 850-hPa: a) geopotential height (black, 
gpm) and isotachs >20 kts (color-filled); b) mean geopotential height (black,gpm) and 75-25 
percentile mean spread (color-filled, kts); c) mean isotachs >20 kts (black) and 75-25 percentile 
mean spread (color-filled, kts).  The star is located at the centroid of the CWA. 
b) 
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a) 
c) 
Figure C.12.  Wichita composite for 12 hours prior to the event showing 850-hPa: a) equivalent 
potential temperature advection (color-filled, K (3h)
-1
) and 2-m equivalent potential temperature 
(brown, K); b) mean equivalent potential temperature advection (black, K(3h)
-1
 and 75-25 
percentile mean spread (color-filled, K (3h)
-1
); c) mean 2-m equivalent potential temperature 
(black, K) and 75-25 percentile mean spread (color-filled, K).  The star is located at the centroid of 
the CWA. 
 
b) 
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a) 
c) 
Figure C.13.  Wichita composite for 6 hours prior to the event showing 850-hPa: a) equivalent 
potential temperature advection (color-filled, K (3h)
-1
) and 2-m equivalent potential temperature 
(brown, K); b) mean equivalent potential temperature advection (black, K(3h)
-1
) and 75-25 
percentile mean spread (color-filled, K (3h)
-1
); c) mean 2-m equivalent potential temperature 
(black, K) and 75-25 percentile mean spread (color-filled, K).  The star is located at the centroid of 
the CWA. 
b) 
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a) 
c) 
Figure C.14. Wichita composite for the event time showing 850-hPa: a) equivalent potential 
temperature advection (color-filled, K (3h)
-1
) and 2-m equivalent potential temperature (brown, 
K); b) mean equivalent potential temperature advection (black, K(3h)
-1
) and 75-25 percentile 
mean spread (color-filled, K (3h)
-1
); c) mean 2-m equivalent potential temperature (black, K) and 
75-25 percentile mean spread (color-filled, K).  The star is located at the centroid of the CWA. 
b) 
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a) 
c) 
Figure C.15.  Wichita composite for 12 hours prior to the event showing: a) most-unstable CAPE 
(color-filled, J kg-1) and K-index (purple); b) mean most-unstable CAPE (black, J kg-1) and 75-25 
percentile mean spread (color-filled, J kg-1); c) mean K-index (black) and 75-25 percentile mean 
spread (color-filled).  The star is located at the centroid of the CWA. 
b) 
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a) 
c) 
Figure C.16. Wichita composite for 6 hours prior to the event showing: a) most-unstable CAPE 
(color-filled, J kg
-1
) and K-index (purple); b) mean most-unstable CAPE (black, J kg
-1
) and 75-25 
percentile mean spread (color-filled, J kg
-1
); c) mean K-index (black) and 75-25 percentile mean 
spread (color-filled).  The star is located at the centroid of the CWA. 
b) 
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a) 
c) 
Figure C.17. Wichita composite for the event time showing: a) most-unstable CAPE (color-filled, J 
kg
-1
) and K-index (purple); b) mean most-unstable CAPE (black, J kg
-1
) and 75-25 percentile mean 
spread (color-filled, J kg
-1
); c) mean K-index (black) and 75-25 percentile mean spread (color-
filled).  The star is located at the centroid of the CWA. 
b) 
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Figure C.18. Wichita composite for 12 hours 
prior to the event showing: a) average mean 
sea-level pressure (black, hPa), 1000-500-hPa 
layer thickness (dashed, dkm), and 
precipitable water (color-filled, in); b) 
average mean sea-level pressure (black, hPa) 
and 75-25 percentile spread (color-filled, 
hPa);  c) mean thickness (black, dkm) and 
75-25 percentile spread (color-filled, kts); d) 
mean precipitable water (black, in) and 75-
25 percentile spread (color-filled, in).  The 
star is located at the centroid of the CWA. 
a) 
b) c) 
d) 
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Figure C.19. Wichita composite for 6 hours 
prior to the event showing: a) average mean 
sea-level pressure (black, hPa), 1000-500-hPa 
layer thickness (dashed, dkm), and 
precipitable water (color-filled, in); b) 
average mean sea-level pressure (black, hPa) 
and 75-25 percentile spread (color-filled, 
hPa);  c) mean thickness (black, dkm) and 
75-25 percentile spread (color-filled, kts); d) 
mean precipitable water (black, in) and 75-
25 percentile spread (color-filled, in).  The 
star is located at the centroid of the CWA. 
a) 
b) c) 
d) 
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Figure C.20. Wichita composite for the event 
time showing: a) average mean sea-level 
pressure (black, hPa), 1000-500-hPa layer 
thickness (dashed, dkm), and precipitable 
water (color-filled, in); b) average mean sea-
level pressure (black, hPa) and 75-25 
percentile spread (color-filled, hPa);  c) mean 
thickness (black, dkm) and 75-25 percentile 
spread (color-filled, kts); d) mean 
precipitable water (black, in) and 75-25 
percentile spread (color-filled, in).  The star 
is located at the centroid of the CWA. 
 
a) 
b) c) 
d) 
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Figure C.21. Wichita composite for 12 hours prior to the event showing 1000-500-hPa mean-layer 
relative humidity (color-filled >70%) and mean sea-level pressure (black, hPa).  The star is located at 
the centroid of the CWA. 
 
Figure C.22. Wichita composite for 6 hours prior to the event showing 1000-500-hPa mean-layer 
relative humidity (color-filled >70%) and mean sea-level pressure (black, hPa).  The star is located at 
the centroid of the CWA. 
 
Figure C.23. Wichita composite for the event time showing 1000-500-hPa mean-layer relative 
humidity (color-filled >70%) and mean sea-level pressure (black, hPa).  The star is located at the 
centroid of the CWA. 
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Figure C.24. Wichita composite for 12 hours prior to the event showing 900-700-hPa mean-layer 
mixing ratio (color-filled, g kg
-1
) and 900-650-hPa layer-minimum omega (dashed, μb s-1).  The star is 
located at the centroid of the CWA. 
 
Figure C.25. Wichita composite for 6 hours prior to the event showing 900-700-hPa mean-layer 
mixing ratio (color-filled, g kg
-1
) and 900-650-hPa layer-minimum omega (dashed, μb s-1).  The star is 
located at the centroid of the CWA. 
 
Figure C.26. Wichita composite for the event time showing 900-700-hPa mean-layer mixing ratio 
(color-filled, g kg
-1
) and 900-650-hPa layer-minimum omega (dashed, μb s-1).  The star is located at 
the centroid of the CWA. 
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Figure C.27. Wichita composite cross-section 12 hours prior to the event, through the region as seen 
on the upper figure.  Parameters shown are equivalent potential temperature (purple, K), scalar 
normal isotachs (dashed, kts), ageostrophic circulation vectors (navy vectors, kts), and mixing ratio 
(color-filled, g kg
-1
). 
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Figure C.28. Wichita composite cross-section 6 hours prior to the event, through the region as seen 
on the upper figure.  Parameters shown are equivalent potential temperature (purple, K), scalar 
normal isotachs (dashed, kts), ageostrophic circulation vectors (navy vectors, kts), and mixing ratio 
(color-filled, g kg
-1
). 
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Figure C.29. Wichita composite cross-section for the event time, through the region as seen on the 
upper figure.  Parameters shown are equivalent potential temperature (purple, K), scalar normal 
isotachs (dashed, kts), ageostrophic circulation vectors (navy vectors, kts), and mixing ratio (color-
filled, g kg
-1
). 
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Appendix D.  Tulsa Composites 
Figures: 
D.1. Total Number of Events Per Month 
D.2. Total Number of Events at Each Time 
D.3-5.  250-hPa Geopotential Height, Isotachs, and Divergence 
D.6-8.  500-hPa Geopotential Height and Absolute Vorticity 
D.9-11.  850-hPa Geopotential Height and Isotachs 
D.12-14.  850-hPa θe Advection and 2-m θe 
D.15-17. MUCAPE and K-Index 
D.18-20. 1000-500-hPa Layer Thickness, Mean Sea-Level Pressure and Precipitable 
Water 
D.21-23. Mean Sea-Level Pressure and 1000-500-hPa Mean-Layer Relative Humidity 
D.24-26. 900-700-hPa Mean-Layer Mixing Ratio and 900-650-hPa Layer-Minimum 
Omega 
D.27-29. Cross-Sections of θe, Mixing Ratio, Ageostrophic Circulation, and Scalar-
Normal Wind 
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Table D-1.  Table listing all the cases used within the Tulsa composites including the event date, time 
(UTC), local precipitation maximum coordinate (Lat/Lon), accumulated precipitation over the next 
three hours (3-hr), and accumulated precipitation over the 24-hour period (1200Z-1200Z) starting on 
the event date (24-hr). 
Dates Time Lat/Lon 3-hr 24-hr Dates Time Lat/Lon 3-hr 24-hr 
06/16/80 15:00 36.44;-96.94 1.00 2.00 07/11/06 03:00 35.70;-96.34 1.22 2.00 
06/19/80 06:00 35.10;-95.34 1.04 2.00 05/07/07 12:00 35.44;-95.70 1.57 2.00 
09/27/80 12:00 34.21;-95.29 1.05 4.00 06/15/07 06:00 35.87;-96.27 0.90 2.00 
06/15/81 09:00 36.97;-95.38 1.22 2.00 09/09/07 09:00 34.94;-94.67 1.54 2.50 
05/12/82 06:00 36.06;-96.60 1.25 3.00 05/07/08 15:00 36.53;-96.04 1.13 3.00 
05/02/84 06:00 33.93;-95.33 0.75 2.50 06/09/08 03:00 36.38;-96.52 1.73 3.00 
05/27/84 09:00 35.59;-95.12 1.14 2.00 08/10/08 03:00 36.23;-95.40 1.38 4.00 
04/22/85 09:00 34.75;-96.03 1.00 3.00 05/01/09 12:00 36.24;-95.40 1.50 2.50 
04/04/86 03:00 34.74;-95.26 0.75 2.00 05/20/10 06:00 35.02;-95.53 1.74 3.00 
04/08/86 03:00 36.25;-93.98 0.75 2.00 04/15/11 03:00 35.86;-93.69 1.11 2.00 
05/15/86 03:00 35.42;-95.61 1.05 2.00 04/25/11 15:00 36.22;-94.33 1.28 3.00 
09/15/86 18:00 36.17;-94.05 0.98 2.00 05/01/11 21:00 35.54;-94.48 1.09 3.00 
07/28/88 09:00 35.44;-95.81 1.30 2.50 06/04/12 06:00 36.60;-96.07 1.15 2.50 
09/16/88 06:00 36.42;-96.55 0.91 2.00 
09/18/88 09:00 36.79;-96.35 1.00 2.00 
06/11/89 09:00 36.83;-96.02 0.75 2.50 
08/19/89 12:00 36.95;-94.97 1.25 2.50 
09/13/89 09:00 35.48;-96.57 0.75 3.00 
05/02/90 09:00 34.65;-94.49 0.75 3.00 
06/07/91 12:00 35.32;-95.81 0.75 2.00 
06/06/92 09:00 35.79;-95.12 1.77 2.00 
08/05/92 09:00 35.39;-95.99 0.98 3.00 
09/10/92 09:00 35.61;-95.20 1.64 2.00 
05/09/93 03:00 35.98;-95.16 1.53 3.00 
09/24/93 12:00 36.89;-95.02 1.00 3.00 
04/11/94 06:00 36.50;-96.68 1.13 3.00 
08/20/94 09:00 36.42;-96.48 1.14 2.50 
06/09/95 06:00 36.90;-95.23 1.00 2.50 
09/07/95 09:00 36.40;-96.60 1.58 2.00 
04/22/96 03:00 34.89;-95.77 0.75 2.00 
07/18/97 06:00 36.64;-96.84 0.92 2.50 
08/17/97 12:00 35.77;-94.16 1.76 2.00 
04/27/98 06:00 36.07;-96.57 1.09 4.00 
04/25/99 15:00 35.89;-95.94 1.10 2.00 
05/04/99 15:00 36.91;-95.08 1.01 2.00 
06/20/99 09:00 36.42;-95.55 1.23 2.00 
09/11/99 03:00 35.50;-96.51 1.25 2.00 
05/01/00 03:00 35.81;-95.50 1.23 2.50 
05/06/00 06:00 35.93;-95.85 0.76 2.00 
06/17/00 09:00 36.36;-94.75 0.74 2.00 
09/24/00 06:00 34.98;-96.03 0.88 2.00 
05/30/01 09:00 35.72;-95.98 1.23 3.00 
06/28/01 12:00 34.31;-95.41 1.23 2.00 
04/07/02 12:00 35.21;-94.73 1.21 4.00 
08/29/03 09:00 36.65;-95.08 1.62 2.50 
04/24/04 06:00 35.20;-94.60 1.58 2.50 
07/02/04 09:00 36.05;-95.77 1.77 2.00 
07/04/05 09:00 36.35;-96.50 1.59 2.00 
04/25/06 03:00 36.29;-93.68 1.33 2.00 
04/29/06 06:00 34.53;-95.48 1.17 3.00 
157 
 
 
 
Figure D.1. Bar graph showing total number of events in the Tulsa county warning areas that 
occurred during each month.   
 
 
 
Figure D.2. Bar graph showing total number of events in the Tulsa county warning area that 
occurred at each event time.   
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Figure D.3. Tulsa composite for 12 hours 
prior to the event showing 250-hPa: a) 
geopotential height (black, gpm), isotachs 
(color-filled, kts), and divergence (dashed, 
x10
-5
 s
-1
);  b) mean geopotential height 
(black, gpm) and 75-25 percentile mean 
spread (color-filled, gpm);  c) mean wind 
speed (black, kts) and 75-25 percentile mean 
spread (color-filled, kts); d) mean divergence 
(black, x10
-5
 s
-1
) and 75-25 percentile mean 
spread (color-filled, x10
-5
 s
-1
).  The star is 
located at the centroid of the CWA. 
 
a) 
b) c) 
d) 
159 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure D.4. Tulsa composite for 6 hours 
prior to the event showing 250-hPa: a) 
geopotential height (black, gpm), isotachs 
(color-filled, kts), and divergence (dashed, 
x10
-5
 s
-1
);  b) mean geopotential height 
(black, gpm) and 75-25 percentile mean 
spread (color-filled, gpm);  c) mean wind 
speed (black, kts) and 75-25 percentile mean 
spread (color-filled, kts); d) mean divergence 
(black, x10
-5
 s
-1
) and 75-25 percentile mean 
spread (color-filled, x10
-5
 s
-1
).  The star is 
located at the centroid of the CWA. 
a) 
b) c) 
d) 
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Figure D.5. Tulsa composite for the event 
time showing 250-hPa: a) geopotential height 
(black, gpm), isotachs (color-filled, kts), and 
divergence (dashed, x10-5 s-1);  b) mean 
geopotential height (black, gpm) and 75-25 
percentile mean spread (color-filled, gpm);  
c) mean wind speed (black, kts) and 75-25 
percentile mean spread (color-filled, kts); d) 
mean divergence (black, x10-5 s-1) and 75-25 
percentile mean spread (color-filled, x10-5 s-
1).  The star is located at the centroid of the 
CWA. 
a) 
b) c) 
d) 
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Figure D.6. Tulsa composite for 12 hours prior to the event showing 500-hPa: a) geopotential 
height (black, gpm) and absolute vorticity (dashed, color-filled >9x10
-5
 s
-1
); b) mean geopotential 
height (black,gpm) and 75-25 percentile mean spread (color-filled, gpm); c) mean absolute 
vorticity (black, x10
-5
 s
-1
) and 75-25 percentile mean spread (color-filled, x10
-5
 s
-1
.  The star is 
located at the centroid of the CWA. 
a) 
b) c) 
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a) 
c) b) 
Figure D.7. Tulsa composite for 6 hours prior to the event showing 500-hPa: a) geopotential height 
(black, gpm) and absolute vorticity (dashed, color-filled >9x10
-5
 s
-1
); b) mean geopotential height 
(black,gpm) and 75-25 percentile mean spread (color-filled, gpm); c) mean absolute vorticity 
(black, x10
-5
 s
-1
) and 75-25 percentile mean spread (color-filled, x10
-5
 s
-1
.  The star is located at the 
centroid of the CWA. 
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a) 
c) b) 
Figure D.8. Tulsa composite for the event time showing 500-hPa: a) geopotential height (black, 
gpm) and absolute vorticity (dashed, color-filled >9x10
-5
 s
-1
); b) mean geopotential height 
(black,gpm) and 75-25 percentile mean spread (color-filled, gpm); c) mean absolute vorticity 
(black, x10
-5
 s
-1
) and 75-25 percentile mean spread (color-filled, x10
-5
 s
-1
).  The star is located at the 
centroid of the CWA. 
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a) 
c) 
Figure D.9. Tulsa composite for 12 hours prior to the event showing 850-hPa: a) geopotential 
height (black, gpm) and isotachs >20 kts (color-filled); b) mean geopotential height (black,gpm) 
and 75-25 percentile mean spread (color-filled, kts); c) mean isotachs >20 kts (black) and 75-25 
percentile mean spread (color-filled, kts).  The star is located at the centroid of the CWA. 
b) 
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a) 
c) 
Figure D.10. Tulsa composite for 6 hours prior to the event showing 850-hPa: a) geopotential 
height (black, gpm) and isotachs >20 kts (color-filled); b) mean geopotential height (black,gpm) 
and 75-25 percentile mean spread (color-filled, kts); c) mean isotachs >20 kts (black) and 75-25 
percentile mean spread (color-filled, kts).  The star is located at the centroid of the CWA. 
b) 
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a) 
c) 
Figure D.11. Tulsa composite for the event time showing 850-hPa: a) geopotential height (black, 
gpm) and isotachs >20 kts (color-filled); b) mean geopotential height (black,gpm) and 75-25 
percentile mean spread (color-filled, kts); c) mean isotachs >20 kts (black) and 75-25 percentile 
mean spread (color-filled, kts).  The star is located at the centroid of the CWA. 
b) 
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a) 
c) 
Figure D.12.  Tulsa composite for 12 hours prior to the event showing 850-hPa: a) equivalent 
potential temperature advection (color-filled, K (3h)
-1
) and 2-m equivalent potential temperature 
(brown, K); b) mean equivalent potential temperature advection (black, K(3h)
-1
 and 75-25 
percentile mean spread (color-filled, K (3h)
-1
); c) mean 2-m equivalent potential temperature 
(black, K) and 75-25 percentile mean spread (color-filled, K).  The star is located at the centroid of 
the CWA. 
 
b) 
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a) 
c) 
Figure D.13.  Tulsa composite for 6 hours prior to the event showing 850-hPa: a) equivalent 
potential temperature advection (color-filled, K (3h)
-1
) and 2-m equivalent potential temperature 
(brown, K); b) mean equivalent potential temperature advection (black, K(3h)
-1
) and 75-25 
percentile mean spread (color-filled, K (3h)
-1
); c) mean 2-m equivalent potential temperature 
(black, K) and 75-25 percentile mean spread (color-filled, K).  The star is located at the centroid of 
the CWA. 
b) 
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a) 
c) 
Figure D.14. Tulsa composite for the event time showing 850-hPa: a) equivalent potential 
temperature advection (color-filled, K (3h)
-1
) and 2-m equivalent potential temperature (brown, 
K); b) mean equivalent potential temperature advection (black, K(3h)
-1
) and 75-25 percentile 
mean spread (color-filled, K (3h)
-1
); c) mean 2-m equivalent potential temperature (black, K) and 
75-25 percentile mean spread (color-filled, K).  The star is located at the centroid of the CWA. 
b) 
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a) 
c) 
Figure D.15.  Tulsa composite for 12 hours prior to the event showing: a) most-unstable CAPE 
(color-filled, J kg-1) and K-index (purple); b) mean most-unstable CAPE (black, J kg-1) and 75-25 
percentile mean spread (color-filled, J kg-1); c) mean K-index (black) and 75-25 percentile mean 
spread (color-filled).  The star is located at the centroid of the CWA. 
b) 
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a) 
c) 
Figure D.16. Tulsa composite for 6 hours prior to the event showing: a) most-unstable CAPE 
(color-filled, J kg
-1
) and K-index (purple); b) mean most-unstable CAPE (black, J kg
-1
) and 75-25 
percentile mean spread (color-filled, J kg
-1
); c) mean K-index (black) and 75-25 percentile mean 
spread (color-filled).  The star is located at the centroid of the CWA. 
b) 
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a) 
c) 
Figure D.17. Tulsa composite for the event time showing: a) most-unstable CAPE (color-filled, J kg
-
1
) and K-index (purple); b) mean most-unstable CAPE (black, J kg
-1
) and 75-25 percentile mean 
spread (color-filled, J kg
-1
); c) mean K-index (black) and 75-25 percentile mean spread (color-
filled).  The star is located at the centroid of the CWA. 
 
b) 
173 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure D.18. Tulsa composite for 12 hours 
prior to the event showing: a) average mean 
sea-level pressure (black, hPa), 1000-500-hPa 
layer thickness (dashed, dkm), and 
precipitable water (color-filled, in); b) 
average mean sea-level pressure (black, hPa) 
and 75-25 percentile spread (color-filled, 
hPa);  c) mean thickness (black, dkm) and 
75-25 percentile spread (color-filled, kts); d) 
mean precipitable water (black, in) and 75-
25 percentile spread (color-filled, in).  The 
star is located at the centroid of the CWA. 
a) 
b) c) 
d) 
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Figure D.19. Tulsa composite for 6 hours 
prior to the event showing: a) average mean 
sea-level pressure (black, hPa), 1000-500-hPa 
layer thickness (dashed, dkm), and 
precipitable water (color-filled, in); b) 
average mean sea-level pressure (black, hPa) 
and 75-25 percentile spread (color-filled, 
hPa);  c) mean thickness (black, dkm) and 
75-25 percentile spread (color-filled, kts); d) 
mean precipitable water (black, in) and 75-
25 percentile spread (color-filled, in).  The 
star is located at the centroid of the CWA. 
a) 
b) c) 
d) 
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Figure D.20. Tulsa composite for the event 
time showing: a) average mean sea-level 
pressure (black, hPa), 1000-500-hPa layer 
thickness (dashed, dkm), and precipitable 
water (color-filled, in); b) average mean sea-
level pressure (black, hPa) and 75-25 
percentile spread (color-filled, hPa);  c) mean 
thickness (black, dkm) and 75-25 percentile 
spread (color-filled, kts); d) mean 
precipitable water (black, in) and 75-25 
percentile spread (color-filled, in).  The star 
is located at the centroid of the CWA. 
 
a) 
b) c) 
d) 
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Figure D.21. Tulsa composite for 12 hours prior to the event showing 1000-500-hPa mean-layer 
relative humidity (color-filled >70%) and mean sea-level pressure (black, hPa).  The star is located at 
the centroid of the CWA. 
 
Figure D.22. Tulsa composite for 6 hours prior to the event showing 1000-500-hPa mean-layer 
relative humidity (color-filled >70%) and mean sea-level pressure (black, hPa).  The star is located at 
the centroid of the CWA. 
 
Figure D.23. Tulsa composite for the event time showing 1000-500-hPa mean-layer relative humidity 
(color-filled >70%) and mean sea-level pressure (black, hPa).  The star is located at the centroid of 
the CWA. 
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Figure D.24. Tulsa composite for 12 hours prior to the event showing 900-700-hPa mean-layer 
mixing ratio (color-filled, g kg
-1
) and 900-650-hPa layer-minimum omega (dashed, μb s-1).  The star is 
located at the centroid of the CWA. 
 
Figure D.25. Tulsa composite for 6 hours prior to the event showing 900-700-hPa mean-layer mixing 
ratio (color-filled, g kg
-1
) and 900-650-hPa layer-minimum omega (dashed, μb s-1).  The star is located 
at the centroid of the CWA. 
 
Figure D.26. Tulsa composite for the event time showing 900-700-hPa mean-layer mixing ratio 
(color-filled, g kg
-1
) and 900-650-hPa layer-minimum omega (dashed, μb s-1).  The star is located at 
the centroid of the CWA. 
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Figure D.27. Tulsa composite cross-section 12 hours prior to the event, through the region as seen on 
the upper figure.  Parameters shown are equivalent potential temperature (purple, K), scalar normal 
isotachs (dashed, kts), ageostrophic circulation vectors (navy vectors, kts), and mixing ratio (color-
filled, g kg
-1
). 
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Figure D.28. Tulsa composite cross-section 6 hours prior to the event, through the region as seen on 
the upper figure.  Parameters shown are equivalent potential temperature (purple, K), scalar normal 
isotachs (dashed, kts), ageostrophic circulation vectors (navy vectors, kts), and mixing ratio (color-
filled, g kg
-1
). 
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Figure D.29. Tulsa composite cross-section for the event time, through the region as seen on the 
upper figure.  Parameters shown are equivalent potential temperature (purple, K), scalar normal 
isotachs (dashed, kts), ageostrophic circulation vectors (navy vectors, kts), and mixing ratio (color-
filled, g kg
-1
). 
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Appendix E.  Springfield Composites 
Figures: 
E.1. Total Number of Events Per Month 
E.2. Total Number of Events at Each Time 
E.3-5.  250-hPa Geopotential Height, Isotachs, and Divergence 
E.6-8.  500-hPa Geopotential Height and Absolute Vorticity 
E.9-11.  850-hPa Geopotential Height and Isotachs 
E.12-14.  850-hPa θe Advection and 2-m θe 
E.15-17. MUCAPE and K-Index 
E.18-20. 1000-500-hPa Layer Thickness, Mean Sea-Level Pressure and Precipitable 
Water 
E.21-23. Mean Sea-Level Pressure and 1000-500-hPa Mean-Layer Relative Humidity 
E.24-26. 900-700-hPa Mean-Layer Mixing Ratio and 900-650-hPa Layer-Minimum 
Omega 
E.27-29. Cross-Sections of θe, Mixing Ratio, Ageostrophic Circulation, and Scalar-
Normal Wind 
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Table E-1.  Table listing all the cases used within the Springfield composites including the event date, 
time (UTC), local precipitation maximum coordinate (Lat/Lon), accumulated precipitation over the 
next three hours (3-hr), and accumulated precipitation over the 24-hour period (1200Z-1200Z) 
starting on the event date (24-hr). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Dates Time Lat/Lon 3-hr 24-hr 
04/11/79 03:00 37.97 -92.67 0.86 2.50 
05/20/79 09:00 37.29 -93.89 1.39 3.00 
09/01/79 18:00 37.42;-93.96 0.95 2.00 
04/21/84 03:00 37.29 -93.89 0.45 2.00 
09/23/86 09:00 38.27;-92.97 0.72 2.00 
08/20/87 06:00 37.04 -93.88 0.45 2.00 
09/15/87 03:00 37.21;-93.18 1.14 2.00 
07/01/88 09:00 37.39 -92.61 0.54 2.00 
08/23/88 06:00 37.19 -93.61 1.59 2.50 
05/22/89 09:00 37.40 -93.24 1.27 2.50 
08/21/89 06:00 37.79 -91.86 1.35 2.00 
09/09/92 03:00 37.39;-94.72 1.07 2.00 
09/23/93 12:00 37.34;-92.85 0.98 2.50 
09/24/93 12:00 37.23;-94.95 1.34 4.00 
04/11/94 03:00 38.18 -92.85 1.07 4.00 
04/28/94 09:00 37.96 -92.70 0.75 3.00 
08/31/94 06:00 36.61 -92.56 0.90 2.00 
05/17/95 12:00 37.82 -94.45 1.39 2.00 
06/10/95 03:00 37.48 -94.19 0.81 2.50 
04/22/96 03:00 37.18 -93.94 0.88 2.00 
04/28/96 09:00 37.19 -94.01 1.64 2.00 
09/16/96 00:00 36.60;-91.81 1.00 2.00 
09/23/96 12:00 38.04;-93.37 1.00 2.00 
09/26/96 09:00 37.15;-93.57 1.67 3.00 
08/19/97 09:00 38.14 -94.44 1.00 2.00 
07/24/98 09:00 37.69 -93.77 0.79 2.00 
07/12/00 09:00 37.59 -93.37 0.72 2.00 
06/15/01 00:00 37.63 -93.97 0.75 2.00 
09/09/01 03:00 37.20;-92.60 1.30 2.00 
05/17/02 03:00 37.57 -91.64 0.54 2.00 
06/13/04 06:00 37.21 -94.04 1.32 2.00 
08/24/04 09:00 37.86 -92.62 0.79 2.00 
07/11/06 00:00 36.96 -92.47 1.13 3.00 
08/26/06 09:00 37.83 -92.03 1.10 2.50 
06/02/07 03:00 37.73 -93.74 0.98 2.50 
06/11/07 12:00 37.17 -94.03 1.00 4.00 
07/01/07 06:00 37.50 -94.16 0.96 3.00 
08/20/07 06:00 36.89 -93.93 1.26 3.00 
09/08/07 09:00 37.21;-94.41 1.28 2.00 
04/10/08 09:00 36.68 -94.46 1.56 3.00 
09/14/08 06:00 37.28;-93.10 1.96 4.00 
06/16/09 12:00 37.13 -91.90 0.65 2.50 
05/12/10 06:00 38.18 -92.21 0.50 2.00 
04/25/11 03:00 36.72 -93.23 0.89 3.00 
05/23/11 00:00 37.02 -91.96 0.78 2.50 
09/17/11 18:00 36.52;-93.59 1.00 2.50 
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Figure E.1. Bar graph showing total number of events in the Springfield county warning areas that 
occurred during each month.   
 
 
 
Figure E.2. Bar graph showing total number of events in the Springfield county warning area that 
occurred at each event time.   
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Figure E.3. Springfield composite for 12 
hours prior to the event showing 250-hPa: a) 
geopotential height (black, gpm), isotachs 
(color-filled, kts), and divergence (dashed, 
x10
-5
 s
-1
);  b) mean geopotential height 
(black, gpm) and 75-25 percentile mean 
spread (color-filled, gpm);  c) mean wind 
speed (black, kts) and 75-25 percentile mean 
spread (color-filled, kts); d) mean divergence 
(black, x10
-5
 s
-1
) and 75-25 percentile mean 
spread (color-filled, x10
-5
 s
-1
).  The star is 
located at the centroid of the CWA. 
 
a) 
b) c) 
d) 
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Figure E.4. Springfield composite for 6 hours 
prior to the event showing 250-hPa: a) 
geopotential height (black, gpm), isotachs 
(color-filled, kts), and divergence (dashed, 
x10
-5
 s
-1
);  b) mean geopotential height 
(black, gpm) and 75-25 percentile mean 
spread (color-filled, gpm);  c) mean wind 
speed (black, kts) and 75-25 percentile mean 
spread (color-filled, kts); d) mean divergence 
(black, x10
-5
 s
-1
) and 75-25 percentile mean 
spread (color-filled, x10
-5
 s
-1
).  The star is 
located at the centroid of the CWA. 
a) 
b) c) 
d) 
186 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure E.5. Springfield composite for the 
event time showing 250-hPa: a) geopotential 
height (black, gpm), isotachs (color-filled, 
kts), and divergence (dashed, x10-5 s-1);  b) 
mean geopotential height (black, gpm) and 
75-25 percentile mean spread (color-filled, 
gpm);  c) mean wind speed (black, kts) and 
75-25 percentile mean spread (color-filled, 
kts); d) mean divergence (black, x10-5 s-1) 
and 75-25 percentile mean spread (color-
filled, x10-5 s-1).  The star is located at the 
centroid of the CWA. 
a) 
b) c) 
d) 
187 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure E.6. Springfield composite for 12 hours prior to the event showing 500-hPa: a) geopotential 
height (black, gpm) and absolute vorticity (dashed, color-filled >9x10
-5
 s
-1
); b) mean geopotential 
height (black,gpm) and 75-25 percentile mean spread (color-filled, gpm); c) mean absolute 
vorticity (black, x10
-5
 s
-1
) and 75-25 percentile mean spread (color-filled, x10
-5
 s
-1
.  The star is 
located at the centroid of the CWA. 
a) 
b) c) 
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a) 
c) b) 
Figure E.7. Springfield composite for 6 hours prior to the event showing 500-hPa: a) geopotential 
height (black, gpm) and absolute vorticity (dashed, color-filled >9x10
-5
 s
-1
); b) mean geopotential 
height (black,gpm) and 75-25 percentile mean spread (color-filled, gpm); c) mean absolute 
vorticity (black, x10
-5
 s
-1
) and 75-25 percentile mean spread (color-filled, x10
-5
 s
-1
.  The star is 
located at the centroid of the CWA. 
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a) 
c) b) 
Figure E.8. Springfield composite for the event time showing 500-hPa: a) geopotential height 
(black, gpm) and absolute vorticity (dashed, color-filled >9x10
-5
 s
-1
); b) mean geopotential height 
(black,gpm) and 75-25 percentile mean spread (color-filled, gpm); c) mean absolute vorticity 
(black, x10
-5
 s
-1
) and 75-25 percentile mean spread (color-filled, x10
-5
 s
-1
).  The star is located at the 
centroid of the CWA. 
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a) 
c) 
Figure E.9. Springfield composite for 12 hours prior to the event showing 850-hPa: a) geopotential 
height (black, gpm) and isotachs >20 kts (color-filled); b) mean geopotential height (black,gpm) 
and 75-25 percentile mean spread (color-filled, kts); c) mean isotachs >20 kts (black) and 75-25 
percentile mean spread (color-filled, kts).  The star is located at the centroid of the CWA. 
b) 
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a) 
c) 
Figure E.10. Springfield composite for 6 hours prior to the event showing 850-hPa: a) geopotential 
height (black, gpm) and isotachs >20 kts (color-filled); b) mean geopotential height (black,gpm) 
and 75-25 percentile mean spread (color-filled, kts); c) mean isotachs >20 kts (black) and 75-25 
percentile mean spread (color-filled, kts).  The star is located at the centroid of the CWA. 
b) 
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a) 
c) 
Figure E.11. Springfield composite for the event time showing 850-hPa: a) geopotential height 
(black, gpm) and isotachs >20 kts (color-filled); b) mean geopotential height (black,gpm) and 75-
25 percentile mean spread (color-filled, kts); c) mean isotachs >20 kts (black) and 75-25 percentile 
mean spread (color-filled, kts).  The star is located at the centroid of the CWA. 
b) 
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a) 
c) 
Figure E.12.  Springfield composite for 12 hours prior to the event showing 850-hPa: a) equivalent 
potential temperature advection (color-filled, K (3h)
-1
) and 2-m equivalent potential temperature 
(brown, K); b) mean equivalent potential temperature advection (black, K(3h)
-1
 and 75-25 
percentile mean spread (color-filled, K (3h)
-1
); c) mean 2-m equivalent potential temperature 
(black, K) and 75-25 percentile mean spread (color-filled, K).  The star is located at the centroid of 
the CWA. 
 
b) 
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a) 
c) 
Figure E.13.  Springfield composite for 6 hours prior to the event showing 850-hPa: a) equivalent 
potential temperature advection (color-filled, K (3h)
-1
) and 2-m equivalent potential temperature 
(brown, K); b) mean equivalent potential temperature advection (black, K(3h)
-1
) and 75-25 
percentile mean spread (color-filled, K (3h)
-1
); c) mean 2-m equivalent potential temperature 
(black, K) and 75-25 percentile mean spread (color-filled, K).  The star is located at the centroid of 
the CWA. 
b) 
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a) 
c) 
Figure E.14. Springfield composite for the event time showing 850-hPa: a) equivalent potential 
temperature advection (color-filled, K (3h)
-1
) and 2-m equivalent potential temperature (brown, 
K); b) mean equivalent potential temperature advection (black, K(3h)
-1
) and 75-25 percentile 
mean spread (color-filled, K (3h)
-1
); c) mean 2-m equivalent potential temperature (black, K) and 
75-25 percentile mean spread (color-filled, K).  The star is located at the centroid of the CWA. 
b) 
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a) 
c) 
Figure E.15.  Springfield composite for 12 hours prior to the event showing: a) most-unstable 
CAPE (color-filled, J kg-1) and K-index (purple); b) mean most-unstable CAPE (black, J kg-1) and 
75-25 percentile mean spread (color-filled, J kg-1); c) mean K-index (black) and 75-25 percentile 
mean spread (color-filled).  The star is located at the centroid of the CWA. 
b) 
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a) 
c) 
Figure E.16. Springfield composite for 6 hours prior to the event showing: a) most-unstable CAPE 
(color-filled, J kg
-1
) and K-index (purple); b) mean most-unstable CAPE (black, J kg
-1
) and 75-25 
percentile mean spread (color-filled, J kg
-1
); c) mean K-index (black) and 75-25 percentile mean 
spread (color-filled).  The star is located at the centroid of the CWA. 
b) 
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a) 
c) 
Figure E.17. Springfield composite for the event time showing: a) most-unstable CAPE (color-
filled, J kg
-1
) and K-index (purple); b) mean most-unstable CAPE (black, J kg
-1
) and 75-25 
percentile mean spread (color-filled, J kg
-1
); c) mean K-index (black) and 75-25 percentile mean 
spread (color-filled).  The star is located at the centroid of the CWA. 
 
b) 
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Figure E.18. Springfield composite for 12 
hours prior to the event showing: a) average 
mean sea-level pressure (black, hPa), 1000-
500-hPa layer thickness (dashed, dkm), and 
precipitable water (color-filled, in); b) 
average mean sea-level pressure (black, hPa) 
and 75-25 percentile spread (color-filled, 
hPa);  c) mean thickness (black, dkm) and 
75-25 percentile spread (color-filled, kts); d) 
mean precipitable water (black, in) and 75-
25 percentile spread (color-filled, in).  The 
star is located at the centroid of the CWA. 
a) 
b) c) 
d) 
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Figure E.19. Springfield composite for 6 
hours prior to the event showing: a) average 
mean sea-level pressure (black, hPa), 1000-
500-hPa layer thickness (dashed, dkm), and 
precipitable water (color-filled, in); b) 
average mean sea-level pressure (black, hPa) 
and 75-25 percentile spread (color-filled, 
hPa);  c) mean thickness (black, dkm) and 
75-25 percentile spread (color-filled, kts); d) 
mean precipitable water (black, in) and 75-
25 percentile spread (color-filled, in).  The 
star is located at the centroid of the CWA. 
a) 
b) c) 
d) 
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Figure E.20. Springfield composite for the 
event time showing: a) average mean sea-
level pressure (black, hPa), 1000-500-hPa 
layer thickness (dashed, dkm), and 
precipitable water (color-filled, in); b) 
average mean sea-level pressure (black, hPa) 
and 75-25 percentile spread (color-filled, 
hPa);  c) mean thickness (black, dkm) and 
75-25 percentile spread (color-filled, kts); d) 
mean precipitable water (black, in) and 75-
25 percentile spread (color-filled, in).  The 
star is located at the centroid of the CWA. 
 
a) 
b) c) 
d) 
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Figure E.21. Springfield composite for 12 hours prior to the event showing 1000-500-hPa mean-layer 
relative humidity (color-filled >70%) and mean sea-level pressure (black, hPa).  The star is located at 
the centroid of the CWA. 
 
Figure E.22. Springfield composite for 6 hours prior to the event showing 1000-500-hPa mean-layer 
relative humidity (color-filled >70%) and mean sea-level pressure (black, hPa).  The star is located at 
the centroid of the CWA. 
 
Figure E.23. Springfield composite for the event time showing 1000-500-hPa mean-layer relative 
humidity (color-filled >70%) and mean sea-level pressure (black, hPa).  The star is located at the 
centroid of the CWA. 
203 
 
 
Figure E.24. Springfield composite for 12 hours prior to the event showing 900-700-hPa mean-layer 
mixing ratio (color-filled, g kg
-1
) and 900-650-hPa layer-minimum omega (dashed, μb s-1).  The star is 
located at the centroid of the CWA. 
 
Figure E.25. Springfield composite for 6 hours prior to the event showing 900-700-hPa mean-layer 
mixing ratio (color-filled, g kg
-1
) and 900-650-hPa layer-minimum omega (dashed, μb s-1).  The star is 
located at the centroid of the CWA. 
 
Figure E.26. Springfield composite for the event time showing 900-700-hPa mean-layer mixing ratio 
(color-filled, g kg
-1
) and 900-650-hPa layer-minimum omega (dashed, μb s-1).  The star is located at 
the centroid of the CWA. 
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Figure E.27. Springfield composite cross-section 12 hours prior to the event, through the region as 
seen on the upper figure.  Parameters shown are equivalent potential temperature (purple, K), scalar 
normal isotachs (dashed, kts), ageostrophic circulation vectors (navy vectors, kts), and mixing ratio 
(color-filled, g kg
-1
). 
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Figure E.28. Springfield composite cross-section 6 hours prior to the event, through the region as 
seen on the upper figure.  Parameters shown are equivalent potential temperature (purple, K), scalar 
normal isotachs (dashed, kts), ageostrophic circulation vectors (navy vectors, kts), and mixing ratio 
(color-filled, g kg
-1
). 
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Figure E.29. Springfield composite cross-section for the event time, through the region as seen on the 
upper figure.  Parameters shown are equivalent potential temperature (purple, K), scalar normal 
isotachs (dashed, kts), ageostrophic circulation vectors (navy vectors, kts), and mixing ratio (color-
filled, g kg
-1
). 
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